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ORIGIN OF SOME AMPHIBOLITES IN WESTERN NORTH CAROLINA

By ARTHUR E. NELSON, Beltsville, Md.

Abstract.—Many bodies of amphibolite are interlayered with
metasedimentary rocks in western North Carolina. Statistical
data, field studies, and chemical affinities between these amphib-
olites and known ortho-amphibolites and basic igneous rocks
strongly suggest that most of the amphibolites are ortho-
amphibolites, rather than para-amphibolites. It is not known
whether the rocks were originally intrusive bodies, basic tuffs,
or lava fiows, but probably many of the bodies represent thin-
bedded pyroclastic deposits of basaltic composition and basalt
flows that were interbedded with more felsic rocks. Others rep-
resent intrusive rocks of gabbroic origin, and some may repre-
sent dolerite dikes.

Many bodies of amphibolite are present in a rela-
tively high grade metamorphic terrane in the south-
central part of the Knoxville 1° by 2° quadrangle in
North Carolina (fig. 1). The origin of these amphib-
olites is enigmatic, as it is difficult to distinguish ortho-
amphibolites from para-amphibolites. Keith (1907a,
b), who mapped parts of the Knoxville quadrangle,
believed that the amphibolites originated from igneous
rocks but stated that this would be difficult to prove.

This report presents the results of recent field and
chemical studies that might help to determine the
origin of these amphibolites. The chemical relations
used are principally those suggested by Leake (1964),
and the statistical approach is that of Shaw and Kudo
(1965).

GENERAL GEOLOGIC SETTING

Much of the Knoxville quadrangle is underlain by
a Precambrian gneiss-schist complex, consisting main-
ly of layered felsic gneisses, mica gneisses and schists,
metasandstones, quartzo-feldspathic gneisses that are
highly segregated into quartz-feldspar planar streaks,
and migmatites. In addition, numerous bodies of both
amphibolite and granite gneiss are present within the
complex. Locally, small bodies of dunite and serpen-
tinite are associated with the amphibolites. Rocks of
the complex were referred to by Keith (1907a) as the
Carolina gneiss, and the amphibolite bodies were called
the Roan gneiss. These names are, however, no longer

in use. Overlying these rocks are younger Precambrizn
units of the Ocoee Series (Hadley and Goldsmith,
1963), and, in the southwest corner of the quadrangle,
rocks of the Ocoee Series are overlain by younger
metasedimentary rocks of the Murphy marble belt
indicated on figure 1 by (p€-Pz).

Most amphibolites in the Knoxville quadrangle
occur within the older gneisses and schists. Amphib-
olites are not as commonly observed in the Ocoee rocks,
and they have rarely been observed in the post-Ocoee
rocks of the Murphy marble belt (Van Horn, 1948, p.
15-17). Field evidence suggests that the amphibolite
bodies in the study area shown in figure 1 were sub-
jected to the same regional metamorphism and defor-
mation as the surrounding rocks.

Hadley and Goldsmith (1963, p. B107) indicated
that rocks immediately north of the report area, within
the Knoxville quadrangle, are polymetamorphic. Field
and laboratory studies also suggest that the rocks in
the report area have been subjected to several episodes
of metamorphism. Most of the rocks are in the kyanito-
muscovite-quartz and sillimanite-almandine subfacies
of the almandine amphibolite facies of regional meta-
morphism (Fyfe and others, 1958, p. 230-281).

After an early period of deformation and regional
thermal metamorphism, the rocks were further de-
formed and, in places, isoclinally folded. This later
deformation (Hadley and Goldsmith, 1963, p. B107),
which produced regional structures with a dominart
northeast trend, was superposed upon previous struc-
tures, and locally the resultant fold pattern is most
complex.

DISTRIBUTION AND DESCRIPTION OF THE
AMPHIBOLITES

The amphibolite bodies range from thin discontinu-
ous layers or bands less than half an inch thick, to
pods, lenses, and boudinaged bodies several feet cv
more in length, to larger rather massive units seversl
miles or more in length. Only the larger amphibolite
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bodies are shown in figure 1. Almost all bodies of
amphibolite are interlayered and conformable with
the more felsic units of the gneiss-schist complex. The
proportion of amphibolite to more felsic rock varies
widely. In places, a thin band of amphibolite is pres-
ent in a thick sequence of felsic rock; elsewhere, am-
phibolite predominates, and only a thin lens of felsic
material is present. Commonly, however, layers of
amphibolite that range from 6 inches to 4 or 5 feet
in thickness alternate with similar thicknesses of more
felsic rocks. Many of the layered amphibolite bodies
are striped. This feature results from metamorphic
segregation of felsic and mafic constituents into thin,
alternating, light and dark layers.

The bodies of amphibolite conform to the regional
structure, and they, like the surrounding rocks, are
locally folded. The folds range from small crenula-
tions to minor folds seen in outcrop and to larger folds
determined only by mapping. Many interlayered units,
consisting both of amphibolite and the surrounding
rock types, have been subjected to metamorphic segre-
gation, shearing, and tectonic thinning. All the ob-
served amphibolites have a foliation which is parallel
to that of the intercalated rocks. Foliation is highly
developed in the thinner amphibolite layers, whereas
in the central parts of some of the larger bodies it is
indistinct and the rocks appear massive. The contacts
between the amphibolite bodies and adjacent rocks are
usually sharp, but some appear gradational. Almost
all the contacts are parallel to the regional foliation;
only one small amphibolite body was observed that
was discordant with the regional planar structures.

The amphibolites range from medium gray to green-
ish black and usually are fine to medium grained;
only rarely are they coarse grained. In places, highly
biotitic zones are present as distinct layers within the
amphibolites, and locally there are distinct felsic seg-
ragations as well as streaks of silexite. In addition to
alined hornblende crystals, thin blades or rods of felsic
and quartz segregations are also commonly alined in
the foliation plane, forming lineations. These linear
structures, which parallel fold axes, are presumed to
be “b” lineations.

The amphibolites are composed principally of horn-
blende and plagioclase and lesser amounts of quartz,
biotite, garnet, and magnetite; sphene and apatite
commonly are present in trace amounts. Rarely, chlo-
rite is present as an alteration product of hornblende;
sericite, which is sparse, occurs as tiny patches on
some plagioclase grains; and epidote and calcite are
likewise rare. Generally, hornblende and plagioclase
make up 80 percent or more of the rock; hornblende
makes up 88 percent of one sample.

B3

Most of the textures are xenomorphic, but in places
lepidoblastic textures also occur. The minerals sre
mostly fine to medium grained, ranging from 0.3 to 4
millimeters in length; they are rarely coarse grained.

The hornblende is green to brownish green, co-
monly poikilitic, and calcium rich. It is anhedral to
prismatic, and X-ray diffraction patterns show that
it has a structure similar to tremolite, a feature cowu-
mon to may hornblendes of varying composition
(Deer and others, 1962, p..203). The plagioclase ranges
from An,, to Ans; and generally is finer grained thon
the hornblende. The biotite is brownish red and ep-
pears to have replaced hornblende. In some outcro»s,
sulfides, mostly pyrite, were observed.

FIELD RELATIONS

Almost all amphibolite bodies and their plarar
structures are parallel to the lithologic layering and
gneissic structure of the enclosing gneisses and schists.
The compositional layering in the host rocks probally
represents strata of the premetamorphic rock sequence.
Thus, the included amphibolitic bodies that alternate
with the layered gneiss could be interpreted as part
of the original rock sequence. In the absence of pri-
mary sedimentary structures, however, paralleli-m
between amphibolite bodies and host rocks is not an
absolute criterion upon which to base the conclusion
that the amphibolites were originally sedimentzry
rocks. Lithologic layering or banding can also be pro-
duced by metamorphic segregation or tectonic inter-
calation of slices of one rock into another, especially
along such planes of weakness as bedding or schistos-
ity. In addition, parallel banding can also result from
transposition of rocks during intense deformation.
Although many of the amphibolite bands are not
folded, some appressed fold hinges have been observed
within them and in the host rocks as well, indicating
that the bands have been intensely deformed and are
probably transposed. In a few places, the amphibolites
have boudinage structure suggesting that, at le~st
locally, the rocks have undergone considerable extn-
sion. Thus, if some of the banded amphibolite bodies
were originally mafic dikes in the country rocks, their
present parallelism with the more felsic gneisses conld
probably be a result of extension and transp051t10n of
the dikes during deformation.

AGE RELATIONS

The amphibolite bodies in the gneiss-schist complex
in the Knoxville 1° by 2° quadrangle (fig. 1) were
first described by Keith (1905, 1907c), who believed
they were Precambrian in age. Kulp and Poldervaart
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(1956) discussed the metamorphic events and age rela-
tions of rocks in the Bakersville-Roan Mountain area,
which is northeast along strike in the same tectonic
block as the rocks of this report; they suggest that the
Roan gneiss (layered amphibolites) was metamor-
phosed prior to the intrusion of some ultramafic rocks,
but indicate that both rock types are Precambrian in
age. Then, between the emplacement of the ultramafic
rocks and a period of regional metamorphism at or
near the end of the Ordovician, The Bakersville-Roan
Mountain metadolerite dike swarm was emplaced.

In the report area, those amphibolite bodies that are
relatively thin and interlayered with rocks of the
gneiss-schist complex are believed to be time equiva-
lent to rocks that Kulp and Poldervaart referred to
as Roan gneiss; the larger more massive amphibolite
bodies, which are closely associated with ultramafic
rocks in the report area, are believed to be equivalent
in age to the late Precambrian ultramafic rocks of
Kulp and Poldervaart. The metadolerite dike swarm

PETROLOGY AND MINERALOGY

does not appear to have an analog in the report area.
However, if deformation that accompanied the Late
Ordovician(?) metamorphic event was more intense
in the report area than in the Bakersville-Roan Moun-
tain area, individual dolerite dikes, if originally pres-
ent, probably cannot be distinguished frorn older
amphibolite bodies. Thus, it seems highly probable
that amphibolite bodies of the report area represent
those formed during several episodes spanning a time
interval that includes part of the Precambrian and
that extends into the lower Paleozoic.

The metadolerites and some ortho-amphibolites of
the Bakersville-Roan Mountain area were described
by Wilcox and Poldervaart (1958) and are similar in
chemical composition to the amphibolites of this
report.

CHEMICAL RELATIONS

Table 1 presents six new chemical analyses, and
table 2 presents semiquantitative spectrographic analy-

TaBLE 1.—Chemical and modal analyses of amphibolites from a part of the Knoxville quadrangle in_western North Carolina and chemical
analyses of two sedimentary rocks and one basalt flow for comparison

{Samples analyzed by methods described by Shapiro and Brannock (1962). Analysts: Paul Elmore, Sam Botts, Gillison Chloe, Lowell Artis, Hezekiah Smith, James Kelsey,
and J. L. Glenn. Symbeols: Tr., trace; *, trace of chlorite]

Field Nooo oo oo . NK 304 NK 305 NK 307 NK 308 NK 309 NK 310 Shale ! Magnesian?  Basalt 3
Lab. NO- ool W168622 W168623 W168624 W168625 W168626 W168627 limestone
Chemical analyses
48.9 49. 8 49. 9 47.9 48. 6 48.9 45. 89 3.24 48. 8
8.1 16.0 15. 5 15. 8 14.0 15. 2 13. 24 .17 14. 4
1.4 2.1 3.5 4.8 4.3 3.9 3. 88 .17 4.4
8. 4 8. 4 7.1 9.7 9.0 7.6 o ____ . 06 4.6
16. 3 7.0 8.3 5 3 55 4.6 2.12 20. 84 5 4
11. 8 9.9 10. 4 10. 4 9.2 11. 3 12. 09 29. 58 8.3
. 82 2.4 2.6 2.5 1.7 2.5 47 . 2.3
.92 . 80 .23 . 50 .49 .32 2.31 . _______ 5.1
. 08 .05 .07 . 06 . 62 .40 1. 38 } 30 .3
.74 .71 . 63 .78 2.0 1.8 4. 16 : 2.2
.96 1.7 .78 1.3 4.0 3.2 .52 . .72
. 55 .16 . 00 .07 .37 .37 A7 58
. 28 .09 15 .16 .07 .06 . 15
.11 <. 05 10 <. 05 <. 05 <. 05 10. 38 45. 54 2.4
Organic matter. - ___________________________________ e 3.47 ..
Sum_________________ 99 99 99 99 100 100 100. 08 99. 90 99
Powder density by air
pycnometer_ ____________ 3. 05 2. 96 3. 00 3. 08 3. 02 300 ____ ..
Bulk density._____________ 3. 05 2. 96 3. 00 3.08 3.02 300 ..
Modal analyses (volume percent)
Quartz_ ... _______________________ 3 5 8 6 2 e
Plagioclase________________ Tr 25 17 25 16 30 e
Hornblende_ ______________ *88 67 *74 *60 *72 50 e
Biotite. - _________________ 8 5 Tr 1 Tr e
Epidote_ - . . ____ o ______ 4 3 .. 14 -
Garnet_ . _________________________ T - N
Magnetite_ - - _____________ L Tr 3 3 Tr o e
Accessory minerals (includes
sphene and apatite) . _____ Tr Tr Tr 3 4 ol

1From Clarke (1924, p. 552). 2 From Clarke (1924, p. 579).

3From Nelson (1966b).
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EXPLANATORY NOTES FOR TABLE 1

NK 304. Massive amphibolite layer (one of several amphibolite
layers in quartzo-feldspathic gmeiss) exposed on road, 0.3
mile north of Pleasant Balsam Church in Hazelwood 7%-
minute quadrangle, North Carolina. Very dark greenish gray
to black, medium to coarse grained. Consists of about 88
percent hornblende that is greenish brown, ranges from an-
hedral to subhedral, and is commonly poikilitic. Other min-
erals include about 8 percent biotite, some opaque minerals,
apatite, garnet, and sphene. Chlorite is incipiently developed
along edges of some hornblende grains. In hand specimen,
amphibolite appears almost massive, but in outcrop a faint
foliation is observed.

NK 305. Massive amphibolite exposed on a new road, 0.15 mile
southeast of Willits in the Addie 7%-minute quadrangle,
North Carolina. Locally mixed and streaked with quartzo-
feldspathic gneiss. Dark greenish gray, fine to medium
grained, and in places, segregated into thin felsic and mafic
bands. Xenomorphic texture. Hornblende and sodic andesine
together form 92 percent of rock; other minerals include
biotite, quartz, and garnet, which locally occur in isolated
clusters. An opaque mineral, probably magnetite, and sphene
and epidote occur in trace amounts. Hornblende is brown,
usually anhedral, and commonly poikilitic. Sodic andesine is
about same size as hornblende and contains a few isolated
patches of sericite. Foliation is moderately developed.

NK 307. Massive amphibolite exposed near Glade Gap, 0.2
mile from east edge of Shooting Creek 7%-minute quadrangle,
North Carolina. Part of body is closely associated with dun-
ite. Medium to dark greenish gray, mostly medium grained.
Xenomorphic texture. Locally faintly segregated into thin
felsic and mafic bands. Hornblende, which makes up 74 per-
cent of rock, is mostly anhedral, brownish green, somewhat
poikilitic, and is larger in size than associated calcic oligo-
clase. Other minerals include quartz, epidote, and chlorite.
Sparse chlorite is formed along margins of some hornblende
grains. Sphene and opaque minerals occur in trace amounts.
Foliation well developed.

NK 308. Partly streaked, massive amphibolite exposed on T7.S.
Route 64, north 0.3 mile from Salem Church in Corbin Kunob
7%-minute quadrangle, North Carolina. Dark greenish gray
to black, mostly medium grained. In places, thin discontinu-
ous streaks of felsic segregations of plagioclase and quertz
are common and give a striped appearance to rock. Horn-
blende, calcic oligoclase, and quartz are principal constitu-
ents. Hornblende is brownish green, ranges from anhedral to
subhedral, and is locally poikilitic. Oligoclase is smaller than
hornblende and is commonly aggregated with quartz, form-
ing felsic streaks. Minor amounts of biotite, apatite, magme-
tite, and epidote, and traces of both calcite and chlorite are
present. In general, amphibolite is well foliated.

NK 309. Thin-layered amphibolite exposed on U.S. Route 64,
half a mile from east edge of Cashiers 7%-minute quadran=le,
North Carolina. Rock shows interlayering of biotite felsic
gneiss and other amphibolites. Dark greenish gray, fine to
medium grained, amphibolite has a general salt-and-pepper
appearance. Segregation of felsic and mafic constituents is
common and locally gives rock a striped appearance. For
most part, amphibolite has xenomorphic texture, but locally
is lepidoblastic. Hornblende, which makes up about 72 percent
of rock, is brown with a green tint and is largest grai~ed
mineral present. Other minerals include calcic oligoclase,
quartz, biotite, sphene, and magnetite. In places, minerals
are elongate in plane of foliation.

NK 310. Thin layer of amphibolite exposed on U.S. Route 64,
about 0.55 mile from east edge of Lake Toxaway 7%-minute
quadrangle, North Carolina. Part of a layered sequence of
biotite felsic gneiss and thin-layered amphibolite. Dark to
medium-gray, fine-grained ; mostly a xenomorphic texture and
a striped appearance that is due to the segregation of some
of its felsic and mafic constituents. 'Hornblende amd calcic
oligoclase are principal minerals. Hornblende is green to
brownish green and mostly anhedral. Epidote is uniformly
distributed : quartz, apatite, and magnetite are irregulerly
distributed. Trace amounts of chlorite and sericite. Foliation
well developed.

ses of amphibolite samples collected in the study area
(fig. 1). These samples are believed to be representa-
tive of the amphibolites in the area. The analyses
correspond in composition to analyses of basalts
(Nockolds, 1954). The amphibolites are calcium rich;
aluminum content, except for one sample, varies little;
sodium is the dominant alkali, as potassium is present
in rather small quantities. Only one sample (NK 304)
can be considered magnesium rich; in the other sam-
ples, total iron exceeds magnesium. Titanium oxide
generally exceeds 1 percent (table 1). Semiquantita-
tive spectrographic analyses (table 2) indicate that
the amphibolites have, on the average, a higher con-
tent of Cr and Ni than do the more felsic gneisses in
the area (Nelson, unpub. data).

Amphibolites in the report area are characterized,
therefore, by having relatively moderate to high
values of Cr, Ni, and Ti and low Niggli % ratios
(Niggli, 1954, p. 12-14).

TABLE 2.—Semiquantitative specirographic analysis of amphibo-
létes from a part of the Knoxville quadrangle tn western North
arolina

[Results are reported in percent to the nearest number in the series 1, 0.7, 0.5, 0.3.
0.2, 0.15, 0.1, and so forth, which represent approximate midpoints of interval
data on a geometric scale. The assigned interval for semiquantitative results will
include the quantitative value about 30 percent of the time. Analyst: W. B.
Crandell. 0, looked for but not detected]

Field No._.. NK 304 NK 305 NK 307 NK 308 NK 309 NK310
Lab. No_... W168622 W168623 W168624 W168625  W168626 W168427
Ba______ 0. 02 0.007 0.002 0.002 0.01 0. 01
Be _____ . 00015 0O 0 0 0 0
Co..____ . 005 . 0015 . 005 . 003 . 002 . 003
Cr______ .15 .01 . 015 . 007 . 007 . 0015
Cu_.____ . 007 . 007 . 0015 . 007 . 007 . 075
Ga______ . 0007 . 0015 .001 .0015 .0015 .0715
La______ . 005 0 0 0 0 -0
Mo_____ 0 0 0 .0003 © 0
Nb..____ 0 0 0 0 . 0005 . 0705
Ni___.__ .05 . 005 .01 . 007 . 007 . 072
Pb______ 0 .001 O 0 0 0
Se___.__. . 005 . 002 . 005 . 005 . 002 . 073
Sro_____ . 005 . 015 .01 . 007 . 02 . 03
A/ . 015 .01 .02 . 015 .02 . 015
Y_______ .002 . 002 002 . 002 . 003 . 03
Yb______ . 0002 .0002 .0002 .0002 .0003 .07203
Zr______ . 015 . 005 003 . 003 .01 .01
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Leake (1964) indicated that amphibolites having a
high Cr, Ni, and Ti content and low Niggli % values
are almost certainly igneous in origin; they probably
were derived from basalts, dolerites, or basic tuffs. He
mentioned that amphibolites with low Cr, Ni, and Ti
values and with high Niggli £ values can be of either
igneous or sedimentary origin. Evans and Leake
(1960) made a study of layered amphibolite bodies
from TIreland and suggested a chemical means for
determining their origin. As no completely diagnostic
abundance criteria for major- or minor-element dis-
tribution are presently known for distinguishing the
various amphibolites, Leake (1964) suggested that
trends of variation—rather than absolute concentra-
tions—in the amounts of elements in amphibolites
compared with similar trends of known igneous and
sedimentary rocks are most useful in determining
para-amphibolites from ortho-amphibolites.

Figure 2 shows the ‘plots of Niggli mg versus ¢
values (Niggli, 1954) of various amphibolite samples,
the fields for pelitic rocks and Karroo dolerites of
South Africa (basic igneous rocks), and the variation
trend of the basic igneous rocks (Leake, 1964, p. 241).
Because the amphibolites from the Knoxville quad-
rangle have a rather wide range of mg values, plots
for individual samples are shown. These plots follow
the trend of variation of basic igneous rocks quite
closely.

Figure 3 shows plots of Niggli mg, ¢, and al-alk
values for individual amphibolite samples and gives
the field and variation trend for basic igneous rocks
(Karroo dolerite samples) (Leake, 1964, p. 243). The
field for typical pelitic and semipelitic rocks is shown
for comparison. Plots for amphibolite samples from
the Knoxville quadrangle and vicinity follow fairly
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Freure 2.—Niggli ¢ (Ca0) and mg (MgO/FeO+MnO+2Fe.0:+
MgO) variation diagram comparing amphibolites from the
Knoxville quadrangle and vicinity with Karroo dolerites
(basic igneous rocks). Fields for Karroo dolerites and pelitic
rocks are from Leake (1964).
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K:0)ternary variation diagram comparing amphibolites
from the Knoxville quadrangle and vicinity with the Karroo
dolerites (basic igneous rocks). Fields for pelite and semi-
pelite and for Karroo dolerites are from Leake (1964).

closely the variation trend of the basic igneoms rocks.

According to the analyses (table 1) the amphibolites
of the report area apparently were not derived from
shales (caleareous), because the amphibolite samples
have a high total iron and magnesium content and low
CO, content. Also, they do not seem to heve been
derived from magnesian limestones (table 1), because
the magnesium plus calcium content of the amphib-
olite samples is not high enough. In addition, the
absence of tremolite and diopside and the presence of
only trace amounts of calcite, further indicate that the
amphibolite bodies were not. derived from celcareous
or dolomitic shale.

According to figures 2 and 3, the chemical nature
of these amphibolites is similar to that of basic igne-
ous rocks. The close coincidence of the amvhibolite
plots to the trend lines for basic igneous rocks in both
figures 2 and 3 strongly suggests an igneous origin
for these amphibolites. The chemical comparisons sug-
gest that they could have been derived from gabbros
or basalts, but there is no evidence whether they were
originally lavas, tuffs, or intrusive rocks.

Shaw and Kudo (1965, p. 423-435) suggest a sta-
tistical approach to determining para-amophibolite
from ortho-amphibolite. To accomplish this, they list
several discriminant functions—X,, X,, and X; to be
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applied to the abundance levels of major oxides and
minor elements in a given amphibolite. The appropri-
ate functions were applied to the major oxides and
minor elements listed in tables 1 and 2. Values for
the function using the major oxides show that all but
two samples can be classed as ortho-amphibolite;
values for one function using minor elements indicate
that all but one sample should be classed as ortho-
amphibolite, and values for the other function for
minor elements indicate that all samples are ortho-
amphibolite.

Sample NK 307, tentatively classed as para-amphib-
olite by the discriminant function for major oxides,
is from the largest amphibolite body in the area; this
body is in part interlayered with and closely associated
with dunite and is therefore believed to be of igneous
origin. Samples NK 307 and 308, classed as para-
amphibolite by the major-oxide discriminant, have a
moderate to low Cr content, moderate to high Ni con-
tent, moderate TiO, content, and low Niggli %2 values.
Therefore, according to chemical criteria, these sam-
ples could be derived from rocks of igneous parentage.

CONCLUSIONS

Although they are not conclusive, field, chemical,
and statistical studies suggest that most amphibolites
in the south-central part of the Knoxville quadrangle
are ortho-amphibolites rather than para-amphibolites,
but it is not known whether these rocks were orig-
inally intrusive bodies, basic tuffs, or lava flows. Un-
doubtedly these basic igneous rocks formed during a
long span of time that began in the Precambrian and
possibly extended into the early Paleozoic. Probably
many of the amphibolite bodies represent thin-bedded
pyroclastic deposits of basaltic composition and basalt
flows that were interbedded with more felsic rocks.
An analog of this type of deposition is i north-
central Puerto Rico, where much of the area is under-
lain by bedded basaltic tuff and basalt of Cretaceous
age, interbedded with more felsic deposits and vol-
canic sandstone and siltstone (Nelson, 1966a, p. 6-11;
1966b; Nelson and Monroe, 1966, p. 3-8).

Undoubtedly, some of the larger, massive coarse-
grained amphibolite bodies, especially those closely
associated with dunite, represent intrusive rocks of
gabbroic composition, and some of the thinner am-
phibolite bodies may represent doleritic dikes.
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LAWSONITE BLUESCHIST FROM NORTH-CENTRAL OREGON

By DONALD A. SWANSON, Hawaiian Volcano Observatory,

Hawaii National Park, Hawaii

Abstract.—Lawsonite blueschist crops out in two windows of
pre-Albian metamorphiec rocks near Mitchell, north-central
Oregon. It is associated with serpentine in one of the windows,
and with chert, quartzite, crystalline limestone and marble,
and mafic metavolcanie rocks in both windows., The blueschist
strikes northeast and lies along the projected trend of similar
rocks in the Klamath Mountains. The occurrence of the blue-
schist near Mitchell supports the suggestion by Warren Hamil-
ton and W. B. Myers that the Klamath trend extends north-
eastward across Oregon and follows the late Paleozoic or Meso-
zoic continental margin.

Lawsonite blueschist was found in two windows of
metamorphic rocks of pre-Albian, probably pre-
Cretaceous, age during reconnaissance geologic map-
ping in north-central Oregon. These localities of blue-
schist are the first ones reported from either east of
the Cascade Mountains or the area bhetween southwest
Oregon (Diller, 1898, 1903; Koch, 1966) and the
Northern Cascades in Washington (Misch, 1966).
(Optical and X-ray studies have shown that a specimen
of schist from eastern Oregon termed “glaucophanitic”
by Thayer and Brown (1964, p. 1257), kindly loaned
me by T. P. Thayer, contains deep-blue-green horn-
blende, not glaucophane.) The blueschist is briefly
described here because its regional setting is of interest
to geologists studying pre-Tertiary structural trends
and conditions of metamorphism in western North
Amnerica.

The blueschist crops out on the walls of Myers Can-
yon (SW14, sec. 13, T. 11 S, R. 21 E.), 3 miles north
of Mitchell, Oreg., and in a belt extending south and
eastward from Tony Butte, about 6 miles northeast of
Mitchell (fig. 1). The rocks at Tony Butte lie along
the strike of the rocks in Myers Canyon (Bowers,
1953; Wilkinson and Oles, 1968). Exposures are best
in Myers Canyon and are easily reached by either a
short walk down the canyon from State Highway 207
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or a jeep road up the canyon from its mouth on
Bridge Creek (fig. 1). The Tony Butte locali‘y is ac-
cessible by jeep roads up Shoofly Creek cr Girds
Creek.

According to Wilkinson and Oles (1968), the pre-
Tertiary metamorphic rocks (which include the blue-
schist) unconformably underlie 9,000 feet of shale,
sandstone, and conglomerate of late Early Cretaceous
(early Albian) and, possibly, early Late Crotaceous
(Cenomanian) age. The blueschist is associated with
subordinate amounts of chert, quartzite, crystalline
limestone and marble, and mafic metavolcanic rocks
at both localities, and with serpentine at Tony Butte.
It is not clear whether the blueschist and associated
rocks are in depositional or structural contac*, owing
to strong deformation and intense shearing along the
contact. Poorly preserved fusulinids from crystalline
limestone in Myers Canyon indicate a Permian, pos-
sibly early Permian, age (Wilkinson and Ole=, 1968).
The schistosity of the blueschist is highly contorted,
but in general it strikes northeast, paralle! to the
dominant structural grain in this part of Oregon.

Most of the primary texture in the blue-chist is
destroyed, but aggregates of lawsonite in one sample
from Myers Canyon occur as pseudomorphs after
plagioclase phenocrysts in a porphyritic metabasalt.
Thin alternating quartz- and muscovite-rich layers in
another sample suggest interbedded silt and clay. The
texture of other blueschist in the area resembles that
of metagraywacke in textural-zone 3 of Blake, Irwin,
and Coleman (1967). Textures and mineral assem-
blages correspond to those of upper type-II and type-
IIT glaucophane schists of Coleman and Lee (1963).

The four blueschist samples examined by petrogra-
phic and whole-rock X-ray methods contain blue
amphibole and lawsonite, together with varying
amounts of white mica, chlorite, quartz, calcite, and
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traces of albite. Neither pumpellyite nor aragonite
was identified, although both are common in some
blueschist terranes elsewhere.

Blue amphibole makes up about 10 to 60 percent of
the blueschist sampled. Most of it is finely fibrous and
may be crocidolite (fibrous riebeckite), but in one
sample from Myers Canyon it is well-crystallized
crossite on the basis of axial plane 1 (010) and B~C.
Pleochroism of the crossite is relatively slight, so its
composition may be close to that of glaucophane. The
crossite crystals lie within the plane of schistosity but
are broken at the crests of folds in the schistosity,
indicating deformation after crossite crystallization.

Lawsonite, identified by its X-ray pattern and dis-
tinguished from zoisite in thin section by its two per-
fect cleavages, makes up about 4 to 30 percent of the
blueschist. The crystals are nearly colorless, only
faintly pleochroic in shades of yellow brown, and have
the prismatic shape characteristic of lawsonite. The
lawsonite occurs as aggregates replacing plagioclase
phenocrysts, as irregular areas in the matrix, and as
single isolated crystals, particularly in white-mica-
and chlorite-rich areas. The single crystals lie in or
close to the plane of foliation.

White mica and chlorite occur as feltlike aggregates
that commonly contain crossite or crocidolite and
lawsonite. Calcite fills veinlets and occupies irregular
patches in the matrix. It has an optic angle of <5°
and is therefore probably a secondary mineral unre-
lated to inversion from aragonite, the normal high-
pressure carbonate in blueschists (Boettcher and
Wyllie, 1967; Coleman and Lee, 1962). Albite occurs
as tiny scattered crystals in the matrix and as narrow
veinlet fillings. A green prismatic mineral occurs in
one sample but is too sparse (<0.5 percent) to be
identified on a whole-rock diffraction pattern. It is
too fine grained for optical identification, but judg-
ing from its mineral association, the mineral is most
likely either pumpellyite or an acmitic clinopyroxene.

The lawsonite blueschist near Mitchell bears im-
portantly on the understanding of the tectonic devel-
opment of the Pacific Northwest because of the unus-
ual conditions governing blueschist metamorphism
and the restricted geographic occurrence of blue-
schists. Experimentally determined stability fields of
diagnostic blueschist minerals suggest that, during
blueschist metamorphism, temperatures are the same
as those of greenschist metamorphism but pressures
are far higher. Commonly quoted pressure-tempera-
ture conditions are on the order of 6 to 9 kilobars and
200°C to 300°C (Ernst, 1965; Coleman, 1967; Blake
and others, 1967). Petrologists disagree on the geo-
logic environment leading to such conditions. Some
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attribute them to rapid, deep burial (Ernst, 1965);
others suggest a combination of deep burial and an
extremely low geothermal gradient (Bailey and oth-
ers, 1964); still others relate the formation of blue-
schists to tectonic overpressures, particularly at the
sole of large thrust plates (Blake and others, 1967;
Coleman and Lee, 1962, Coleman, 1967). V’hatever
the environment, it appears to be one that is devel-
oped exclusively along continenta! margin~ or in
island arcs (Plas, 1959; Ernst, 1965; Coleman, 1967).
If this is true for the lawsonite blueschist near Mitch-
ell, the continental margin during late Palenzoic or
Mesozoic time must have passed througlh north-
central Oregon, as many geologists have suggested on
the basis of the distribution of late Paleozoic and
Mesozoic eugeosynclinal rocks (Dickinsor, 1962;
Dickinson and Vigrass, 1964; Hamilton, 19€3).

The lawsonite blueschist near Mitchell is of further
interest because it crops out along the projected strike
of pre-Tertiary lawsonite blueschist and otker rocks
in the Klamath Mountains of northwestern C-lifornia
and southwestern Oregon. Hamilton (1963) and
Hamilton and Myers (1966) have proposed that the
pre-Tertiary rocks in the Klamaths are, or once
were, continuous with pre-Tertiary rocks in north-
eastern Oregon beneath a cover of Tertiary rocks,
although Thayer and Brown (1964) have disagreed
with this concept. The blueschist near Mitchell neither
proves nor disproves this proposed correlation, but it
is supporting evidence for it, in view of the unusual
pressure-temperature conditions necessary for lawson-
its blueschist metamorphism. Furthermore, the blue-
schist-serpentine association so common in the Kla-
maths (Blake and others, 1967) is duplicated near
Tony Butte, where Bowers (1953, p. 64-65) reports
“dikes” of serpentine intruding metamorphic rocks,
some of which are blueschist. On the basis of present
fieldwork, I interpret this serpentine to be in fault
slivers, not dikes, just as it is in the Klamaths. Rock
types associated with the blueschist and serpentine
are also comparable in the two areas, and st*ructural
trends are similar. _

It is of interest that the blueschist localitie~ in both
southwestern and north-central Oregon lie ¢long the
northwestern (oceanic) side of the pre-Tertiary out-
crop belts (fig. 1), whereas metamorphic rocl's within
the interior (continental side) of the belt~ are of
higher grade (higher temperature of formation), pre-
dominantly greenschist and amphibolite facies
(Thayer and Brown, 1964; Brown and Thayer, 1966;
R. G. Coleman, written commun., 1968).

Pre-Tertiary metamorphic rocks crop out elsewhere
in central and northeastern Oregon (Walker and
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King, 1969), where it might prove fruitful to search
for lawsonite blueschist in light of its occurrences
near Mitchell and its regional tectonic significance.
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OLIGOCENE RHYOLITE IN THE DENVER BASIN, COLORADO

By G. A. IZETT, G. R. SCOTT, and J. D. OBRADOVICH, Denver, Colo.

Abstract.—A rhyolite tuff formerly included in the Dawson
Arkose of Late Cretaceous and Paleocene age is of early Oligo-
cene age and constitutes a separate map unit. Biotite from the
rhyolite has a potassium-argon age of 34.8 = 1.1 m.y.

The paucity of extrusive rhyolitic rocks of early
Tertiary age in Colorado led the writers to study
stratigraphic relations and to collect rock samples for
isotope age determinations of a purported lower
Tertiary rhyolite tuff near Castle Rock, Colo. This
rock is the only rhyolite assigned an early Tertiary
age on the geologic map of Colorado (Burbank and
others, 1935). An isotope age determination made on
a sample of the rhyolite verifies stratigraphic rela-
tions that suggest a middle Tertiary rather than an
early Tertiary age as previously thought. Biotite
separated from the rhyolite has a potassium-argon age
of about 35 million years, which is early Oligocene.
The Oligocene is currently believed to have begun
37-38 million years ago (Harland and others, 1964,
p. 260).

Outcrops of the rhyolite tuff extend from an area
about 6 miles north of Castle Rock, Colo., south to a
point a few miles north of Monument, Colo. The out-
crop area lies along the east side of the Front Range
in the central part of the Denver basin (fig. 1). At
most places the tuff caps mesas underlain by the Daw-
son Arkose of Late Cretaceous and Paleocene age
(Brown, 1943), but a few miles southeast of Castle
Rock it is overlain by lower Oligocene Castle Rock
Conglomerate. The rhyolite outcrops are part of a
once-continuous ash flow probably less than 50 feet
thick that was extruded onto an Eocene(?) erosion
surface cut on the Dawson Arkose. According to
Richardson (1915), the erosion surface dips northeast
about 75 feet per mile.

Richardson (1915, p. 9) included the rhyolite tuff
that we date here as early Oligocene in the “extreme
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upper part™ of the Dawson, and he assigned an early
Eocene age to the Dawson. At critical outcrops, about
4 miles southeast of Castle Rock, “20 to 30 feet of fine-
textured arkose lies between the rhyolite and the base
of the Castle Rock conglomerate” (Richardson, 1915,
p. 7). In these outcrops the friable fine-grained arkose
stratigraphically above the rhyolite, thonght by Rich-
ardson to be Dawson, is interpreted by the vriters to
be part of the overlying Castle Rock Conglomerate.
Although the arkose is fine grained and less well in-
durated than the typical coarse Castle Rock Conglom-
erate, it probably represents an early alluvial facies
of the Castle Rock that was deposited soon after ex-
trusion of the rhyolite ash flow. The Dawson and the
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silica and 4 percent nonsiliceous, nonaluminous min-
erals.

COMPARISON OF ORDOVICIAN ARGILLITE AND SHALE
WITH OTHER ROCKS AND SEDIMENTS

Comparison with normal shale

Comparison of analyses of Ordovician argillite and
shale with published analyses of similar rocks of differ-
ent ages herein called normal shale (table 5 on page
B29 ; fig. 4) shows the Ordovician rocks to be unusual in
several respects. Their SiO, content is abnormally high,
but they are not merely normal shales with extra silica
as 1s shown in table 6. In this table the SiO, content of
average normal shale has been adjusted to the level of
Si0, in average Ordovician argillite and shale. Al-
though such adjustment of Si0, automatically reduces
the A1,05, MgO, and TiO; contents of normal shales
to the level of these components in the Ordovician
rocks, it fails to bring the Fe,Q,;, CaO, Na.0, KO,
and P,O; into line. The relatively high P,O5s and CaO
contents of the Ordovician rocks may be partly due to
more abundant apatite. The relatively high content of
K,O and low content of Na,O in the Ordovician rocks
is ascribed to a higher ratio of illite to other clay
minerals.

Comparison with modern oceanic sediments

Modern pelagic sediments are principally red clay,
radiolarian or diatomaceous ooze, and globigerina
ooze. Published analyses of these sediments indicate
that red clay having a chemical composition similar
to that of normal shale is a universal pelagic sedi-
ment which is varied from place to place (or time to
time) by addition of carbonate or silica (tables 5, 6 on
page B29; fig. 5). In other words, radiolarian ooze and
diatomaceous ooze apparently are composed of red clay
into which tests of Radiolaria or diatoms have settled ;
globigerina ooze is red clay into which tests of glob-
igerina have settled.

percent, of Ordovician chert of the Cordilleran eugeosyncline
8. D. Botts, Lowell Artis, G. W. Chloe, Hezekiah Smith and J. L. Glenn, 1963-67;

Spectrographic analyses
B Ba Cr Cu Ni Sr v Zr

0.002 0.07 0.0015 0.007  0.002 0.002 0.02 0.001
<.002 0.01 .0007 .005  <.0003 .001 003 . 001 1
.003 .05 . 0007 . 003 . 002 . 001 .003 L0015 2
. 005 .15 .002 . 003 . 0015 .003 . 007 .002 3
<.002 .15 .001 . 007 .002 .0015 . 005 . 001 4
. 005 .07 . 007 . 003 . 0007 . 0015 .015 .003 5
.002 .02 .003 . 007 . 002 . 0015 .02 <.001 6
.003 .02 .0015 . 003 . 0015 .0015 .015 . 003 7
. 007 .015 . 0015 . 005 . 0015 . 0015 .05 . 003 8
0
0.003 0.06 0.002 0.005  0.001 0.002 0.02 0.002 10

328-687 0—69——3

SiO;

FIeuRrE 4.—Ratios of major oxides in normal shale, slat-,
and phyllite as compared with those in Ordovician argil-
lite and shale of the Cordilleran eugeosyncline. All iron
calculated as Fe.0s. A, 40 Ordovician argillites and shales
of the Cordilleran eugeosyneline; B, 17 Pierre Shale,
Cretaceous (Tourtelot, 1962) ; €, 18 Littleton Formation,
Devonian (Shaw, 1956) ; D, 22 low-iron slates, Pro-
cambrian (Nanz, 1953) ; H, average 27 Mesozoic and
Cenozoic shales (Clarke, 1924) ; F, average 12 phyllites
(Rankama and Sahama, 1950) ; G, average 51 Paleozo‘e
shales (Clarke, 1924) ; H, average 11 phyllites (Rank-
ama and Sahama, 1950) ; I, weighted average 36 Pre-
cambrian slates (Nanz, 1953) ; J, average 18 phyllites
(Rankama and Sahama, 1950).

Si0:

Ficure 5.—Ratios of major oxides in siliceous oceanic
sediment as compared with those in Ordovician argillite
and shale of the Cordilleran eugeosyncline. All iron cal-
culated as Fe:0: A, 40 Ordovician argillites and shales
of the Cordilleran eugeosyncline; B, 22 red clays (T
Wakeel and Riley, 1961; Revelle, 1944) ; C, average 3
siliceous oozes (El Wakeel and Riley, 1961) ; D, 3 radin-
larian oozes (Revelle, 1944) ; E, 18 brown clays (Gold-
berg and Arrhenius, 1958).
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TABLE 5.—Average chemical composition, in weight percent, of normal marine shale, oceanic sediment, extrusive igneous rock, and

[Abbreviation: Tr., trace]

Ordovician argillite and shale of the Cordilleran eugeosyncline

Number

Averaged chemical analyses; carbonate, water, and carbon free

Kind of material of analyses Souree of data
Si0; AlO; Fe03t MgO Ca0  Na0 X:0 TiO: P05 M-0
Normal marine shale
Cretaceous shale_____.____ 17 Tourtelot (1962) .. __.__. 68.0 1725 6.5 2.1 0.8 1.2 28 068 017 0 22
Mesozoic, Cenozoic shale._ _ 27 Clarke (1924) ___________ 66.7 16.6 7.0 3.2 .2 2.2 32 .55 .24 T-.
Devonian pelitic rocks____ 18 Shaw (1956) ____________ 63.4 20.3 7.5 21 .4 L2 38 10 14 .07
Paleozoic shale__________ 51 Clarke (1924) ___________ 66.0 18.0 7.9 2.1 .0 L1 40 .83 16 T~
Total ... _____ 113
Average._ - oo 66.1 18.1 7.2 2.4 0.3 1.4 34 076 018 T-
Oceanic sediment
Siliceous ooze___________ 3 El(YVal{;eel and Riley 70.6 147 7.1 22 08 09 21 072 0.30 0 55
961).
Radiolarian ooze.________ 3 Revelle (1944)._________ 67.6 152 7.4 1.0 1.4 20 35 .69 .55 . 65
Redelay . ___________ 12 El(Walgael and Riley 60.4 19.1 89 37 10 L7 36 .92 .16 . 52
1961).
Redelay_ .. __________ 10 Revelle (1944)____ ______ 62.2 20.0 87 .9 .6 1.9 37 .8 .2 . 82
Globigerina ooze_________ 10 El(YVa]i)eel and Riley 61.9 187 87 29 .9 17 34 .8 .32 . 63
961).
Globigerina ooze__.______ 20 Ed(glingzt)on and Byers 66.1 150 6.7 44 .2 30 27 .96 .22 .22
942).
Total .. ______.__ 58
Average._ . .. 64.7 171 7.9 25 08 1.9 32 0.8 029 056
Extrusive igneous rock
Andesite, dacite, and 279 Daly (1933) oo oo __ 67.0 16.0 4.6 1.5 35 37 31 055 017 0.10
rhyolite.
Ordovician rocks of the Cordilleran eugeosyncline
Argillite and shale_____ __ 40 This report_____________ 83.2 87 24 1.2 09 02 27 043 031 002

t All iron calculated as Fe:03.

TaBLE 6.~—Chemical composition, in weight percent, of normal marine shale, oceanic sediment, and

content is adjusted to a constant value of 83.2

[Average silica contents adjusted from average values given in table §, this report]

extrusive igneous rock, whose silica

Rock type and silica mixtures (adjusted to 83.2 weight percent

Chemical composition; carbonate, water, and carbon free

8i02 content)
Al03 Fex031 MgO Ca0 Naz0 K:0 TiOg P:0s M10
Average normal shale, 100 parts; pure silica, 102
parts_ e 9.0 3.6 1.2 0.2 0.7 1.7 0. 38 0.09 Trece
Average oceanic sediment, 100 parts; pure silica,
110 parts_ . o ___ 81 3.8 1.2 .4 .9 1.5 . 40 .14 C. 27
Average acid to intermediate extrusive rock, 100
parts; pure silica, 96 parts_ . _______________ 8.2 2.3 .8 1.8 1.9 1.6 . 28 .09 .05
Average Ordovician argillite and shale (not ad-
justed) . - . __ 8.7 2.4 1.2 .9 .2 2.7 .43 .31 .02

1 All iron calculated as Fe0s.
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Pelagic calcareous Foraminifera and diatoms had
not evolved by Ordovician time and, other conditions
equal, Ordovician pelagic sediments, therefore, are
likely to have been composed almost entirely of red
clay and Radiolaria. On the basis of general composi-
tion and appearance, except for color, the Ordovician
argillites and shales of the Cordilleran eugeosyncline
could pass for lithified highly siliceous pelagic sedi-
ments. Chemical analyses, however, reveal differences
similar to those between the Ordovician rocks and
normal shale.

If sufficient pure silica is added to average red clay
to raise the SiO, content of the clay to the level of
Si0, in average Ordovician argillite and shale, the
Al,O;, MgO, and TiO, contents automatically de-
crease to about the level of these components in the
Ordovician rocks; but Fe,0,;, Ca0O, Na,0, K,O, P,0s,
and MnO fail to come into line. The disparity in CaO,
P.0;, and K,O can be explained by a greater content
of apatite and a higher ratio of illite to other clays in
the Ordovician rocks. The relative excess of Na,O in
modern oceanic sediment can be explained by a rela-
tive excess in the sediments of montmorillonite as op-
posed to illite or, perhaps, to occluded brine. Dispari-
ties in Fe,O; and MnO contents are not easily
explained.

Comparison with igneous rocks

Although igneous textures were not observed in thin
sections of the Ordovician rocks, it is conceivable that
argillite and shale are composed partly of fine-grained
acid to intermediate ash derived from distant explos-
ive volcanoes. Tables 5 and 6, and figure 6 indicate
that the addition of silica to ash of intermediate to
acid composition would produce deposits whose Al,O;
and Fe,O; contents would be similar to those of Ordo-
vician argillite and shale. However, such deposits
would be deficient in MgO, K.O, TiO,, and P,0; and
would have excessive CaQO, Na,O, and MnO.

The addition of silica alone to more basic ash could
not produce sediment of the right composition, and
the amount of silica and other materials necessary to
do so would be so great as to relegate the volcanic
material to an incidental role in the formation of
argillite and shale.

ORIGIN OF CHERT, ARGILLITE, AND SHALE

The uniformity of composition of normal shale and
siliceous pelagic sediment of widely differing geologic
ages and geographic locations (table 5; figs. 4 and 5)
suggests that this composition reflects random mix-
tures of material from a variety of normal sources.
Ordovician argillite and shale of the Cordilleran

PETROLOGY AND MINERALOGY

SiO,

F16¢URE 6.—Ratios of major oxides in igheous rock a~ com-
pared with those in Ordovician argillite and shale of
the Cordilleran eugeosyncline. All iron calculated as
Fe;0;. A, 40 Ordovician argillites and shales of the
Cordilleran eugeosyncline; B, 40 randomly selected
rhyolites and andesites; ¢, average rhyolite (Daly,
1933) ; D, average dacite (Daly, 1933) ; E, average an-
desite (Daly, 1933) ; F, average basalt (Daly, 1933) ;
@G, average peridotite (Daly, 1933).

eugeosyncline differ from these normal shsles and
pelagic sediments in their higher ratios of quartz,
illite, and probably apatite, to other minerals. Tllite is
assumed to be detrital or to be an altered form of
other detrital clay minerals. The reasons for the pre-
dominance of illite over other clay minerals in the
Ordovician rocks is unknown. The addition of unusu-
ally large volumes of volcanic ash to normal shale and
pelagic clay could not bring their composition into
close agreement with that of the Ordovician argillite
and shale. The unique composition of the Ordovician
rocks therefore must reflect unusual source areas or
unusual depositional conditions bearing principally on
the deposition of silica. The possible sources of silica
and means of deposition are reviewed and evalnated in
the following sections of this report.

SOURCE OF SILICA

Streams

Streams carry silica to the sea in solution, as col-
loids, and as detritus. The amount carried in solution
is enormous. About 4.3X10® metric tons of dissolved
silica is presently being carried to the sea each year
(Livingstone, 1963, p. 40, 41). At this rate an1 on the
assumption that the average silica content of the sea
is 6 parts per million, only 20,000 years vould be
required to supply the amount of silica presently in
solution.

In the lower reaches of streams the amount of silica
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in colloidal form is probably small relative to that in
true solution. The older idea that most silica In
streams is transported as a colloid (Twenhofel, 1932,
p- 526) was based on faulty data and has been dis-
proved (Krauskopf, 1956, p. 9). According to Kraus-
kopf, silica colloids in undersaturated solutions dis-
perse within a few days or weeks and become true
solutions. The amount of clay-sized and silt-sized
detrital quartz carried to the sea by streams is impos-
sible to estimate but is probably very large.

Submarine hot springs

Commonly the silica content of hot springs is a few
hundred parts per million. White (1957, p. 1640)
listed 10 analyses of high-temperature hot springs in
Western United States and New Zealand. Silica con-
tent ranges from 56 to 529 ppm and averages about
302 ppm. The average SiO, content of 12 samples of
water of volcanic origin from the United States, Italy,
Colombia, New Zealand, and the Philippines (Clarke,
1924) was found to be 252 ppm. White, Brannock,
and Murata (1956, table 2) gave 22 analyses of sam-
ples from hot springs in Yellowstone Park and in
California. The average silica content of these sam-
ples was 278 ppm.

The estimated total flow of all hot springs in the
United States (Stearns and others, 1937, p. 98) is no
more than 9.8X10% metric tons per year. If wé assume
an average silica content of 300 ppm, the annual dis-
charge of silica is 2.9X10° metric tons. If the density
of distribution of silica and the discharge of sub-
marine hot springs are similar to the density and dis-
charge of the continental hot springs in the United
States, then 1.4X107 metric tons of silica is being dis-
charged beneath the sea at the present time. If we
assume a wider extent of Ordovician seas and a sim-
ilar rate of flow, possibly 2X107 tons was discharged
per year in Ordovician time. This amount is less than
one-twentieth the quantity of dissolved silica now
carried to the sea annually by rivers.

Submarine weathering of extrusive rock

In this process silica is supposed to dissolve from
volcanic ash during its descent in the sea or from lava
and ash on the sea floor. The dissolved silica is then
available for precipitation under favorable conditions.
Experimental work by Kennedy (1950) indicates that
under the high pressures and temperatures possible in
deep water at hot lava-water interfaces the solubility
of silica is fairly high—several hundred parts per mil-
lion. In solutions of such high concentration, silica
tends to precipitate on cooling of the solution or on
convection upward to zones of lower pressure unless
this tendency is nullified by dilution.
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There is little reason to doubt the validity of sub-
marine silica solution, especially under conditions of
high pressure and temperature, and doubtless some
dissolved silica is supplied to the sea by this process.
An estimation of the amount is difficult to make, 1'ut
the evidence from Ordovician rocks of the Cordilleran
eugeosyncline tends to minimize the importance of this
source.

Analyses of pillow lava from the Valmy Formation
(unpub. data, and Roberts, 1964) show normal sili~a-
iron-alumina ratios for intermediate to basic rock. The
alteration of some Ordovician greenstone may be in
the direction of silica accretion rather than depletion.
For example, Gilluly and Gates (1965) and Gilluly
and Masursky (1965) indicated that andesine in gre-n-
stone of the Valmy Formation has been partly re-
placed by albite and quartz.

Fine-grained quartz of problematic origin composes,
on the average, about 50 percent of the chert, argillite,
and shale series. If 10 percent of the silica of gresn-
stone were lost by reaction with sea water and pre-
cipitated to form, with other constituents, a mired
assemblage of chert, argillite, and shale, the volumet-
ric ratio of greenstone to sediments would have to be
about 10:1. The much lower ratio of greenstone to
fine-grained silicic rocks in most areas and the indi~a-
tions that greenstone had not lost a large amount of
silica compel the conclusion that the capacity of gre~n-
stone to supply the silica required by associated cherty
sediments is strikingly inadequate.

Typically, chert, argillite, and shale are interlayered
with one another and with siltstone, quartzite, and
greenstone, but apparently with no regularity of se-
quence. If a cause-and-effect relationship exists, the
most siliceous sediment should directly overlie gre-n-
stone consistently. Merriam and Anderson (1942) aud
Roberts (1964) described examples of greenstone over-
lain by chert, but Roberts also showed thick units of
chert which do not overlie greenstone. In the Shoshone
Range, Nevada (Gilluly and Gates, 1965, pl. 1), no
consistent sequential relation is found. In the Palmetto
Formation (Albers and Stewart, 1965), in the To-
quima Formation (Ferguson, 1924), and in the Sams
Spring and Petes Summit Formations (Kay and
Crawford, 1964), conspicuous black bedded chert urits
overlie shale which, in turn, overlies quartzite.

DEPOSITION OF SILICA

Inorganic precipitation of quartz from solution

The concentration of dissolved silica in modern s»as
varies from near zero, in surface waters which have
been depleted of silica by diatoms and other organ-
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isms, to about 6 ppm (Goldberg, 1965), p. 164), 8
ppm (Sverdrup and others, 1942, p. 176), or 10 ppm
(Krauskopf, 1959, p. 16) in deeper water.

The solubility concentration or saturation point of
quartz in sea water is not known with certainty. Siever
(1957, p. 826) calculated the value at 7-14 ppm. Gard-
ner (1938) determined the solubility to be 6 ppm.
Kennedy (as quoted by Krauskopf, 1956) estimated
the solubility to be possibly less than 6 ppm, and
White (as quoted by Krauskopf, 1959) reported an
-experimental value of 7 ppm or a little higher. Al-
though none of these figures may be entirely reliable
they agree in establishing the solubility of quartz at a
figure near that of the actual concentration in modern
sea waters.

Although quartz does not crystallize from saturated
solutions in the laboratory, failure to do so may be
due simply to lack of sufficient time (Krauskopf, 1956,
p. 5; Siever, 1957, p. 827) ; and, in the formation of sedi-
ments, lack of time on a human scale is hardly a re-
straining factor. Inorganic precipitation of quartz
from sea water of near-normal silica content should
therefore be considered as a significant source of silica
in sediments.

Biochemical precipitation of opal

The solubility concentration of opal in sea water at
low temperatures is several tens of parts per million
(Krauskopf, 1956, 1959). Therefore, the concentra-
tion of silica in sea water is normally far below the
saturation point for opal, and inorganic precipitation
of opal is impossible.

Radiolaria extract silica from undersaturated, near-
surface waters for building their opaline skeletons. Af-
ter death of the organism the skeletons sink to the bot-
tom and may eventually crystallize to form chert or
cherty rock. The results and proof of this process are
so obvious in both modern and ancient sediments that
validity of this process needs little supporting argu-
ment. The danger is that the process will be over-
emphasized. Precambrian bedded cherts are generally
free from obvious radiolarian remains and are un-
likely to have formed by organic precipitation. Inves-
tigation of Holocene oceanic bottom sediments (Rie-
del, 1959, p. 85) indicates that biogenic precipitation
commonly accounts for only a small part of the silica
in Holocene radiolarian oozes and other siliceous sedi-
ments. Many samples examined in the present inves-
tigation of Ordovician rocks are devoid of any recog-
nizable biogenic silica. In other samples, biogenic sil-
ica forms a small part of the rock and is clearly dis-
tinguishable from other silica of problematic origin.

PETROLOGY AND MINERALOGY

If the problematic silica is organic it must be com-
posed of radiolarian skeletons that have been thor-
oughly masticated by some unknown agent that did
not disturb the thinly laminated sediments.

Adsorption on settling solids

Bien, Contois, and Thomas (1959) cited evidence
that soluble silica in Mississippi River water is re-
moved from solution by adsorption on suspended
solids during mixing with sea water. The ratio of
adsorbed silica to detrital solids is unknown, so it is
impossible to determine what sort of sediment could be
formed. Presumably it would be siliceous shale or
argillite rather than pure chert in which the auantity
of identifiable clastic material is very low. Adsorption,
and presumably deposition of at least the larger parti-
cles, occurs near mouths of rivers and accounts more
easily for silica in deltaic sediments than it does for
extensive geosynclinal deposits. To form bedded chert
the detrital particles on which silica is adsorbed would
have to be composed almost entirely of quartz.

Coagulation of colloids

Most colloidal silica in streams probably disperses
and becomes a true solution before entering the sea
(Krauskopf, 1956, p. 20). Any remaining colloidal sil-
ica 1s likely to be precipitated near the mouths of
streams owing to the electrolytic property of se+ water.
Normally these deposits should be local, as~ociated
with near-shore sedimentary features, and flooded by
detrital sediment. They should also be small owing to
the scarcity of colloidal silica in streams. The process
seems wholly inadequate to account for the silica in
widespread geosynclinal deposits, especially deposits
of bedded chert.

Mechanical conceniration of siliceous detritus

Some of the larger silt-sized quartz grains in the
Ordovician chert, argillite, and shale are believed to
be detrital because, in contrast to the finer grained
matrix of interpenetrating grains in which they lie,
they are distinctly angular and are commorly well
sorted and concentrated in certain beds. On the aver-
age, these grains constitute 5-10 percent of the Ordovi-
cian cherty rocks. It seems reasonable that at least an
equal percentage is composed of detritus that is too
fine grained to be identified as such. Conceiv~bly all
the nonbiogenic quartz is detrital. If so, either the
provenance terrane was abnormally rich in finely
divided quartz or some unknown process selectively
winnowed out argillaceous material and moved it to an
unknown place of deposition.
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HYPOTHESIS

The enormous volume of dissolved silica that can be
and is now being carried by streams to the sea is en-
tirely adequate to account for large siliceous deposits.
Exceptional or local sources of dissolved silica are no
more necessary to account for siliceous deposits than
are exceptional or local sources of lime necessary to
account for limestone.

The large volume of dissolved silica entering the
sea compels constant precipitation of silica. This can
be accomplished by organic precipitation of opal and
by inorganic precipitation of quartz. In Precambrian
time, precipitation had to be by inorganic means be-
cause siliceous skeletons had not yet been developed,
but in Paleozoic time inorganic and organic precipi-
tation assumed coordinate roles.

Opaline tests are constructed by Radiolaria from
silica supplied by streams to surface waters. As the
Radiolaria die, their tests tend to redissolve both dur-
ing descent and while lying exposed on the bottom.
Where circulation near the bottom is slow, the silica
content of bottom waters is built up by this process to
the saturation point with respect to quartz (10 ppm
or less). Quartz then begins to precipitate. It may form
as crystals in bottom waters or may replace undis-
solved opaline skeletal materials on the bottom. In
any event, inorganic precipitation continues as long as
the Radiolaria keep supplying dissolved silica to bot-
tom waters. The essential basis of this process is the
wide divergence between the solubilities of opal and
quartz (Krauskopf, 1956, 1959), which permits simul-
taneous solution of opal and precipitation of quartz.

The kind of sediment formed depends mainly on
the rates of Radiolaria production and of detrital sedi-
mentation. The rate of Radiolaria production directly
governs the rate of inorganic precipitation of quartz.
When the rate of detrital accumulation is high the
proportion of undissolved opaline skeletons and pre-
cipitated quartz is relatively low and the resulting
sediment tends to have the composition of normal
shale and pelagic sediment. When the detrital rate is
very low the resulting sediment tends to approach the
composition of bedded chert. Intermediate rates tend
to yield rocks of intermediate composition. The preva-
lence of siliceous rocks in the Ordovician eugeosyncline
reflects two conditions—abundant dissolved silica and
sparse detritus. These conditions point to unusual
tectonic stability and subdued relief of borderlands.
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ACCESSORY SPHENE FROM HYBRID ROCKS OF THE MOUNT WHEE ER

MINE AREA, NEVADA

By DONALD E. LEE,' ROBERT E. MAYS,? RICHARD E. VAN LOENEN,!
and HARRY ). ROSE, JR.;? !Denver, Colo., 2Menlo Park, Calif., *Washington, D.C.

Abstract.—Chemical data, unit-cell parameters, and optical
properties are listed for 14 accessory sphenes recovered from
hybrid granitoid rocks exposed north of the Mount Wheeler
mine, White Pine County, Nev. The environment of these
sphenes is well known from a careful field and laboratory study
that included chemical, spectrographic, normative, and modal
analyses for each of the rocks from which they were separated.
These sphenes contain a rather large assemblage of rare-earth
and other minor elements, and their physical properties and
major- and minor-element contents do mnot show the same
obvious response to whole-rock chemistry observed for their
coexisting allanites and zircons. Four sphenes contain detect-
able amounts of Bi, and 13 sphenes contain Mo in the general
range of 7-20 parts per million; the sphene structure appears
to be a preferred site for the Bi and the Mo present in these
rocks, All 14 sphenes contain a much less basic (and heavier)
assemblage of rare earths than do the allanites that coexist
with them.

Granitoid rocks crop out a few miles north of the
Mount Wheeler mine in the southern part of the Snake
Range, about 50 miles southeast of Ely, Nev. These
rocks are exposed in intrusive contact with Prospect
Mountain Quartzite, Pioche Shale, and Pole Canyon
Limestone, all of Cambrian age (Drewes, 1958). They
range in composition from grandiorite with a CaO
content of more than 4.5 percent to quartz monzonite
with a CaO content of about 0.5 percent, and a detailed
field and laboratory study (Lee, unpub. data) has
shown that this range in composition is related to
magmatic assimilation of the chemically diverse host
rocks. The change from high to low CaO values is
rather systematic over a horizontal distance of about
3 miles, and other major elements (and most minor
elements) tend to vary either directly or inversely with
Ca0. Amounts of quartz, microcline, plagioclase, and
biotite respond to the major-element chemistry of these
hybrid rocks. With a few notable exceptions the well-
defined chemical and mineralogical gradients exposed

are much what one would expect to find in a series
of differentiates. The relation between the chemistry
and accessory-mineral contents of these rocks was de-
scribed by Lee and Dodge (1964), who found a sym-
pathetic increase of sphene with CaO.

This paper presents minor-element analyses and
optical data for 14 accessory sphenes recovered from
these hybrid rocks. We also list major-element data
for 13 of these sphenes and unit-cell parameters for 8.
The location, major- and minor-element analyses,
norms, and modes for the granitoid rocks from which
these constituent sphenes were recovered will be pre-
sented in a later paper. The chemistry and physical
properties of some of the accessory minerals coexisting
with these sphenes have been discussed by Lee and
Bastron (1967) and Lee, Stern, Mays, and Van Loenen
(1968).

SPHENE ANALYSES AND PHYSICAL PROPERTIE™

After the preliminary work described by Lee and
Dodge (1964), the sphene concentrates were grcund
to —150 mesh (about 100 microns) and washed in tap-
water to remove material smaller than about 40 mi-
crons. Purification was achieved by centrifuging re-
peatedly in methylene iodine and by use of the Fr-ntz
isodynamic separator. As the final step in the cleaning,
each sphene fraction was subjected to ultrasonic vibra-
tion in distilled water for about an hour. With the
exception of sample 190-MW-61, each sphene analyzed
was at least 99 percent pure. During optical study of
the analyzed fractions no discrete grains of impurity
were found, but when each fraction was observed in
oil with an index refraction equal to the a index of the
sphene, tiny euhedral inclusions were found in some of
the grains. From their optical properties these inclu-
sions appear to be zircon and apatite, minerals that
tend to be closely associated with sphene in these rcaks.
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Figcure 1.—Relation between contents of CaO and accessory
sphene in hybrid granitoid rocks of the Mount Wheeler mine
area, Nevada.

As background for the following discussion, the
general relation between weight percentages of sphene
and CaO in these hybrid rocks is shown in figure 1.
However, although almost all rocks having less than
2.2 percent CaQ are practically devoid of sphene and
the most mafic rocks generally contain the most sphene,
we emphasize that the relation shown in figure 1 is
idealized and is not nearly as systematic and well
defined as the covariance between amounts of CaO and
other accessory minerals such as apatite, allanite, and
zircon (Lee and Dodge, 1964).

Optical properties and unit-cell parameters

The sphenes analyzed are listed (table 1) according
to CaO content of the rocks from which they were
recovered. The a refractive indices are all in the rath-
er narrow range of 1.895-1.910. Optic axial angles were
not systematically determined, but from inspection
during mineral purification work all appear to be
25-35(+), and all grains checked show the typically
strong sphene dispersion, with r>v. Unit-cell para-
meters (table 1) were calculated for eight of the ana-
lyzed sphenes by least-squares refinement of powder
diffractometer data, using an internal standard of
CaF, and a self-indexing computer program developed
by Evans, Appleman, and Handwerker (1963). All the
results are in rather good agreement with the data for
sphenes listed by Deer, Howie, and Zussman (1962,
p- 69).

Major elements

Thirteen of the sphenes were analyzed for SiO,,
Al,0;, TiO,, total iron( as Fe,0;), and CaO by means
of X-ray fluorescence (table 1). In general the major-
element chemistry is rather similar from one sample
to another. The TiO. contents of these sphenes tend to
increase as these hybrid rocks become more mafic (fig.

PETROLOGY AND MINERALOGY

2), but variations in amounts of other oxides appear
to be random and unrelated to chemical differences
among whole rocks.

Sphene 27-DL~61, highest in TiO, and CsQ and
lowest in Si0O,, also is the only one in table 1 recovered
from a large xenolithic mass, where assimilation is
relatively incomplete. Related investigations in the
area show that hornblende is dominant over biotite in
such xenolithic masses where assimilation is onl;” incip-
ient. The high TiO, content of sphene 27-DL-61
probably results at least in part from the dearth of
coexisting biotite, for where biotite is well developed it
is the main reservoir of the TiQ, present in the area’s
hybrid rocks, much as has been described for gr~nitoid
rocks elsewhere by Znamensky (1957). If we assume
that sphene in the more mafic parts of the main in-
trusive phase originally formed in equilibrium with
larger amounts of hornblende (since replaced by bio-
tite), the same reasoning outlined for sphene £7-DL~
61 might also help to explain the TiQ, trend shown
in figure 2. The tendency for hornblende in hybrid
rock to be replaced by biotite as assimilation proceeds
has been recognized by many previous writers.
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Minor elements

The minor-element contents of these sphenes (ex-
cept for rare earths) are listed in table 1. The suite
of elements represented is rather large, although it is
well recognized that the sphene structure often car-
ries significant amounts of elements not represented in
the type formula. (See, for example, Zabavnikova,
1957; Deer and others, 1962).

As noted previously, the sample of sphene 190-MW-
61 analyzed probably was less than 99 percent pure,
but minor-element data for it are included here be-
cause: it is the only sphene fraction we were able to
obtain from a rock having less than 2.2 percent CaO.
Only about 10 milligrams of this mineral was recov-
ered from more than 1,000 grams of crushed rock. The
sphene grains were etched and pitted, suggesting dis-
equilibrium with other minerals present in the rock.

Each of the other 13 sphenes analyzed was more
than 99 percent pure. However, in view of the fact
that some of the tiny inclusions already described
probably are zircon, some of the Zr content shown in
table 1 may not be present in the sphene structure. For
example, as little as 0.1 percent zircon contamination
would be equivalent to about 700 parts per million Zr.
The high P content is not so readily explained, but it
seems likely that P might be part of the structures of
some sphenes in table 1, even though some of the tiny
inclusions described appear to be apatite, because
about 0.8 percent apatite would be required to produce
a P content of 1,500 parts per million.

The most notable aspect of the hybrid rock exposed

north of the Mount Wheeler mine area is the large
number of rather systematic chemical and mineralogi-
cal trends that have been found to accompany the gen-
eral change from felsic to mafic representatives. Even
major- and minor-element contents of constituent acces-
sory minerals exhibit these trends. Such systematic dif-
ferences, if indeed they are present in these sphenes, are
not great enough, however, to be apparent from the
semiquantitative data in table 1. These sphenes (with
the exception of sample 190-MW-61 already described)
are well crystallized and are usually seen in thin sec-
tion as well-formed euhedra. There is nothing to indi-
cate that any of these sphenes is secondary or deuteric.

In view of the summary works cited above, the
significance of most of the minor-element data in table
1 is evident, but the Mo and Bi values deserve com-
ment. Sphene must have scavenged most of the Mo
present in the magmatic environment, for the element
was rarely detected in any minerals coexisting with
these sphenes. Sphene must have scavenged Bi too, for
this element was not detected in any other minerals
present in these rocks.

PETROLOGY AND MINERALOGY

Rare earths

Rare-earth contents of the sphenes are listed in
table 2, along with calculated atomic percentages of
the rare-earth assemblage present in each sphers. Also
listed for each is the quantity 3 La+ Ce+ Pr (in atomic
percentage of total rare-earth elements) as a numerical
index of the composition and of the stage of fraction-
ation attained by the rare-earth elements. This quan-
tity sigma (= La+Ce+ Pr) was introduced by Ifurata,
Rose, and Carron (1953) in a study of the total range
of variation in the composition of monazite vrith re-
spect to the rare-earth elements. Later studies (especi-
ally Murata and others, 1957) confirmed that this
quantity sigma is meaningful in comparing such anal-
yses, and it has therefore been used (table 2) in ap-
praising the rare-earth contents of accessory minerals
that coexist with the sphenes.

Some 21 allanite and 13 monazite samples from these
hybrid rocks have sigma values that vary from 61.3 to
80.9 atomic percent, which is an appreciable range of
composition in terms of the rare-earth elements (Lee
and Bastron, 1967). Moreover, sigma values of the al-
lanites and monazites vary directly with CaO content
of their host rocks, and allanites from the most mafic
rocks show a concentration of the most basic rare
earths (La, Ce, and Pr). Rare-earth contents of 25 ac-
cessory zircons from these hybrid rocks are much
smaller than amounts listed for the sphenes in table
2, but generally they express the same trend as that

~shown by the allanites and monazites; that is, the

heavier lanthanides are present in largest amcmnts in
zircons from the more felsic rocks, whereas the lighter
and more basic lanthanides increase in abundarce with
increasing lime content of the rock (Lee and others,
1968). '

The analyses of sphenes in table 2 fail to express the
same trend, for the sigma values of the sphenes are
not very obviously related to the CaO contents of the
rocks from which they were recovered. Were th= trend
for sphenes as well defined as for allanites, mcnazites,
and zircons, it would be clearly shown by even the
semiquantitative data in table 2. Sphenes, then, do not
show the regular minor-element trends found in min-
erals coexisting with them.

Each sphene in table 2 has a sigma value much lower
than that of its coexisting allanite (Lee and IPastron,
1967), indicating a much less basic and heavier assem-
blage of rare earths in the sphenes. In discuseing the
distribution of rare earths in accessory sphene, Uskov
(1967) concluded, after a study of sphenes collected
from several widely diverse geologic environments, that
the chemistry of the rock-forming medium is more im-
portant than crystallochemical selection in determining
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fractionation of rare earths in sphene. For the hybrid
rocks in the Mount Wheeler mine area, in contrast,
crystallochemical selection was more important than
the chemistry of the rock-forming medium. In the
terminology of Uskov, our sphenes contain a “selective
yttrium” (as opposed to “selective cerium”) assem-
blage of rare earths.

SUMMARY AND CONCLUSIONS

In the hybrid granitoid rocks exposed north of the
Mount Wheeler mine the abundance of sphene tends
to increase directly with lime content of the rock. How-
ever, when sphenes are compared to other minerals
from the same rocks, their physical properties and ma-
jor- and minor-element contents show relatively little
response to whole-rock chemistry.

These sphenes contain a rather large assemblage of
rare earths and other minor elements. They scavenged
Mo and Bi, and they contain a heavier, less basic
assemblage of rare earths than do the coexisting alla-
nites.
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MICROINDENTATION HARDNESS OF MEMBIRS
OF THE LUDWIGITE-VONSENITE SERIES

By B. F. LEONARD, Denver, Colo.

Abstract—Microindentation hardness distinguishes members
of the ludwigite-vonsenite series from one another and aids in
estimating their Fe* content. Microindentation hardness varies
directly with Mg, inversely with Fe' Locality, weight per-
cent Fe”41Mn (in parentheses), and mean HVs for four
analyzed members are: Willis (0.5), 1254; Gorman (~16),
952 ; Riverside (28.7), 956; Jayville (42.0), 838. Gorman lud-
wigite behaves anomalously. Composition and microindenta-
tion hardness for the four members are best related by the
equation #=593.4—186.9 log..y, where @« is weight percent
Fe**+Mn, and ¥ is maximum HVs Qualitative properties of
the indentations are of minor use in distinguishing the mem-
bers.

Microindentation hardness provides an additional
means of distinguishing the members of the ludwigite-
vonsenite series from one another and estimating their
Fe*? content. This note supplements an earlier study
(Leonard and others, 1962) of the isostructural series,
whose generalized formula is (Mg, Fe*2, Mn), (Fe*3,
Al)BO;. Sample descriptions, chemical analyses, opti-
cal data in transmitted and reflected light, and X-ray
powder data for four members of the series are given
in that paper. The same analyzed specimens, numbered
the same way, are the raw material of this note.

Earlier, Lebedeva (1961, p. 109; 1963, p. 111, No.
234) reported the microindentation hardness of one
ludwigite at 50-gram load as 587-588, mean 567. Pud-
ovkina (Pudovkina and others, 1966, p. 34) recently
reported the microindentation hardness of 23 samples
of ludwigite as 588-1008, bimodal anisotropy 656 and
914; load is unspecified. The chemical composition and
locality of Lebedeva’s and Pudovkina’s samples are
not stated.

Equipment and procedures used in measuring micro-
indentation hardness of members of the ludwigite-
vonsenite series are summarized in the headnote of
table 1. Defective indentations and those less than
three diagonal lengths from the edge of the test grain
were rejected. The vonsenites were first tested at 100-

gram load because this is the standard load accepted
by the Commission on Ore Microscopy of the Interna-
tional Mineralogical Association. The ludwigites vere
tested at 50-gram load because some grains were too
small to accommodate the standard 100-gram load. The
vonsenites were then tested at 50-gram load to provide
consistent data for the series. A 50-gram load applied
to members of the series gives mean diagonal lengths
that are undesirably close to 10 microns, the lcwer
limit taken by W. Upytenbogaardt! as suitable for
measurement because the error of reading the diagonal
lengths of small indentations approaches *2 per-ent
with a measuring ocular of the sort used in this inves-
tigation. However, the choice here is between non-
ideal measurements or none at all.

Microindentation hardness is a load-dependent prop-
erty whose value commonly but not invariably in-
creases with decreasing load. The common effect seems
to be illustrated by the data in table 1, paired Nos. 3
and 3a, 4 and 4a. However, a test of the significance of
the difference between the means of the paired meas-
urements made at 50- and 100-gram load shows that
the difference is not statistically significant for the
pair 3-3a and is doubtfully significant for the pair
44a. For the latter pair the difference is signifi~ant
at the 90-percent confidence level only. In contrast,
the difference between the means of measurements
made at 50- and 100-gram loads on the two different
vonsenites 34 and 8a—4a is significant at the 95-per-
cent confidence level. If the microindentation hardness
data of table 1 are used in conjunction with reflextiv-
ity to identify vonsenites, preference should be given
to the more reliable values determined on the larger
indentations made at 100-gram load.

Additional information on the techniques anc' re-
sults of microhardness determination is given by

1'W. Uytenbogaardt, 1967a, Principles of micro-indentation hardness

measurement : Free Univ. Amsterdam, Dept. Mineralogy and Petr~logy,
Inst. Earth Secl. Pub.,, 8 p. [mimeographed].
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Bowie (1967, p. 131-158), Cameron (1961, p. 73-81),
Demirsoy (1968, p. 51-70), Gahm (1967), Lebedeva
(1963), Nakhla (1956), Parnamaa (1963), Povaren-
nykh (1963, p. 243-270), Tertsch (1960), Toubeau
(1963), W. Uytenbogaardt,'> Young and Millman
(1964), and others.

Two conventions for deriving the mean and range
of microindentation hardness values are followed in
the literature. According to convention 1, adopted by
most workers, one finds the hardness value for each
indentation from the mean length of its diagonals by
using tables appropriate for the load, or by calculat-
ing the hardness value from the applicable formula.
For Vickers hardness, the formula is
18544 P

a:

2'W. Uytenbogaardt, 1967b, Results of Vickers hardness measurements
on ore minerals, achieved in different laboratories since 1956: Free
Univ. Amsterdam, Dept. Mineralogy and Petrology, Inst. Earth Sei.
Pub., Second summary, 12 p. [mimeographed].

HV =

PETROLOGY AND MINERALOGY

where P is the load in grams (or pond in some Euro-
pean works) and 4 is the mean length of the diagonals
in microns. The resulting value is sometimes expressed
as “kilograms per square millimeter,” sometimes as a
dimensionless unit; the latter seems preferable to me.
(It is convenient to use the symbol HV,.,, HVs,,
* * * to indicate Vickers hardness at 100-gram load,
50-gram load, * * *, respectively.) The range of HV
is then taken as the extremes of the individval HV
values, and the mean is the arithmetic mean of the
individual values. According to convention 2, recently
adopted by some workers, one averages the lengths of
the short diagonals of all indentations, averages the
lengths of the long diagonals of all indentations, and
then finds the HV values corresponding to the squares
of these averaged diagonal lengths. The mean HV, or
midrange, is then taken as one-half the sum of the
extreme values. Both conventions yield means that are
virtnally identical, but the range reported ac-ording
to convention 2 is considerably restricted bec~use of

TABLE 1.—Microindentation hardness of analyzed members of the ludwigite-vonsenite series

[Leitz Durimet microhardness tester fitted with rotating st:

e; Vickers diamond indenter, nonpolarized light, green filter; specimens hand lapped with }4{-micrcn diamond

abrasive, mounted on plasticine, and leveled; descent and indentation periods 15 seconds each; 15 indentations per sample, each indentation diagonal measured twice]

Ludwigite Vonsenite
1 2 3 4 3a 43
WBM/541 L/60/WTSL  L/55/WTSV-3 J2.21 L/55/WTSV-3 F2.21
Fett4 Mo _.________________ weight percent__ 0.5 ~16 28. 7 42. 0 28.7 42.0
Load ... grams__ 50 50 50 50 100 100
Orientation effects minimal
Convention 1:
Range of HV from individual indentations._.__ 1049-1486 795-1197 810-1027 766-891 689-1003 707-803
Mean HV____________ . _________ 1254 952 956 838 883 756
Convention 2:
Range of HV from mean maximum and mini- 1197-1283 857-1072 927-985 810-874 858-894 724-782
mum lengths of diagonals of individual
indentations.
Mean HV . o _.__ 1240 946 956 842 876 753
Orientation effects distinet
Convention 1:
Sections L ¢! (8 indentations):
Range HV______________________.__ 1049-1283 795-965
Mean HV_____ . _____ 1175 879
Sections || ¢ 2 (7 indentations):
Range HV____ o _._. 1255-1486 891-1197
Mean HV.___ L __.__ 1345 1036
Convention 2:
Sections L ¢! (8 indentations):
ange HV_____________ . __ 1145-1225 857-891
ean HV_______________________________ 1185 874
Sections || ¢ 2 (7 indentations):
Range HV_ __ .. 1314-1379 985-1072
Mean HV____ L _.__ 1346 1028

Samples of Leonard, Hildebrand, and Vlisidis (1962):
1. NW Willis quadrangle, Montana.
2. Gorman distriet, California.
3. Riverside, Calif. (type locality of vonsenite). For HYV,

1 y axis of indentation H a.
2y axis of indentation || c.

polished section 3 of the original specimen was used,
instead of polished section 4, to provide abundant grains
in random orientation.

4. Jayville, N.Y.
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2000
1800 -
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FI16URE 1.—Microindentation hardness (Vickers hardness at 50-
gram load), ludwigite-vonsenite series.

the stage at which the averaging of diagonals is car-
ried out. Some workers report only a range, without
specifying the convention adopted; from their extreme
values one can derive only the midrange. The differ-
ent ranges obtained according to conventions 1 and 2
are reported in table 1 and shown on figure 1.

The dependence of HV,, on chemical composition
within the ludwigite-vonsenite series is striking. The
correlation between composition and maximum HV;, is
nearly linear, the two variables defining a line whose
equation is

2=593.4—186.9 logu v, (1)

logn y=3.17470—0.00535z, (1a)

where 2 is weight percent Fe*?+ Mn, y is maximum
HV;, according to convention 1. Solving equation 1 gives
weight percent Fe*?>+ Mn with a precision of =2 weight
percent. The data can be better accommodated in equa-
tions derived by least-squares fitting, but the anomalous
behavior of Gorman ludwigite (No. 2) makes this
manipulation of doubtful value.

For three members of the series (Nos. 1, 8, 4), the
two variables almost perfectly determine a line whose
equation is

or

r=734.9—237.0loguy, 2

or
logny=3.10084 —0.00422z, (2a)

where @ is weight percent Fe*2+Mn, y is mean HV,.
Equations (2) and (2a) use data reckoned according to
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convention 1. The corresponding equations for dats of
convention 2 are
x="764.3—246.9 logny (3)
log y=3.09544 — 0.00405z. (3a)
Solving equation 2 or 3 gives weight percent Fe*?+Mn
with a precision of +0.3 weight percent. Equatiors 2
and 3 come so close to defining the same line that data
obtained by one convention can be substituted in equa-
tions derived for the other without significant change
in the calculated results.

The fourth analyzed member (No. 2, from the Gor-
man tin district, Kern County, Calif.) behaves anor~al-
ously. Its mean HV,, falls well below the straight
line determined by the other three members (fig. 1),
and its logarithmic range of HV,, exceeds that of the
other members. Moreover, it alone yields a high pro-
portion of perfect, unfractured indentations (table 2).
Leonard, Hildebrand, and Vlisidis (1962) earlier
showed that other properties of Gorman ludwigite,
notably the dispersion of its mean reflectivity, vvere
anomalous with respect to those of the other memkers.
We suggested (p. 556-557) that tin might be the cause,
for its concentration is considerably higher in Gorman
ludwigite (1.2 percent Sn) than in the other members
(=0.x). The manner in which partial substitution of
foreign elements in a crystal lattice affects the mi~ro-
indentation hardness of a substance has been studied
by several workers, but the results for different sub-
stances are conflicting. Thus the tin content of Gorman
ludwigite may be suggested as a cause of its anomal-
ous microindentation hardness, as it was for anomalous
dispersion of reflectivity, but the true cause rem~ins
unknown. Certainly the anomaly is real and is not
due to accidents of specimen preparation or meas-re-
ment.

Possibly the anomaly presented by the mean HV;, of
Gorman ludwigite (No. 2) lies in the derivation of the
mean itself, rather than in the composition of this mem-
ber. Crystals of Willis ludwigite (No. 1) and aggregates
of Gorman ludwigite (No. 2) are markedly elongat~ llc.
HYV,, for these members is significantly higher on sec-
tions |¢ than on sections 1¢. The ranges of measure-
ments observed on the mutually perpendicular sections
supplement each other to form the total range for each
member. Mean HV,, for these members is arbitravily
taken as the mean of 7 indentations lic on elongate sec-
tions and 8 indentations | @ on sections | ¢, as there seems
to be no widely acceptable procedure for reporting the
mean HV of minerals showing markedly preferertial
crystallographic development. In contrast, the abun-
dant equant grains of the two vonsenites present many
sections that are randomly oriented. The ideal approach
for all members would perhaps be to determine the
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crystallographic orientation optically, in reflected light,
and then measure HV in an equal number of orienta-
tions ||e, b, and ¢ on prime sections. For minerals em-
bedded in their natural matrix, such an approach would
be both difficult and tedious. Because the arbitrary
weighting yields a credible mean for Willis ludwigite,
it should do so for Gorman ludwigite, unless some other
factor—here inferred to be Sn content—intervenes.

Using equations 2 or 3 to estimate the composi-
tion of ludwigites in the range 10 to 22 weight percent
Fet24+Mn leads to an error of +13 weight percent.
Until this part of the plot can be checked by measure-
ment of the microindentation hardness of appropriate
Sn-free samples, it seems preferable to emphasize the
anomalous behavior of Gorman ludwigite rather than
to use it as a control point in the series. At present,
appropriate samples are not available. One can only
wish that the suites of samples used in the excellent
studies by Brovkin, Aleksandrov, and Nekrasov (1963)
and by Nekrasov (1966) might be combined with the
suite investigated here.

Though the microindentation hardness of Gorman
ludwigite is anomalous relative to that of other mem-
bers of the series investigated here, the presence of ap-
preciable Sn in a ludwigite of this Fe*2 content is not
unexpectable. Nekrasov’s (1966, p. 191-197) chemical
and X-ray study of Sn in 95 ludwigites and vonsenites
from skarns of the northeast U.S.S.R. showed a re-
markable, consistent concentration of Sn in ludwigites
containing 17 to 25 weight percent Fe*2, Within this
restricted compositional range the ludwigites contain
0.57 to 1.33 weight percent Sn, averaging 0.79 percent.
The distribution of Sn in the total sample population
is nearly symmetrical about this peak value. The total
compositional range that was sampled is 2 to 42 weight
percent Fe+2, and the samples are distributed rather
homogeneously. Nine samples from areas outside the
northeast U.S.S.R. are uniformly low in Sn (trace to
0.128 weight percent), but none of the nine happens
to fall within the range of 17 to 25 weight percent
Fe+z. (See Nekrasov, 1966, fig. 66 and analytical data
in table 57, p. 193-194; the diagram is more readily
available in Nekrasov and others, 1965, p. 52.) Experi-
mental synthesis of Sn-bearing ludwigites by Nekra-
sov and others (1965) demonstrates that Sn is readily
taken up in the crystal lattice of ludwigites having
this favorable Fe*? content, the maximum quantity
being 18.5 weight percent Sn in synthetic ludwigite
containing 20.8 weight percent Fe*2.. The relatively
high Sn content of Gorman ludwigite is reasonably
representative of the largest group of natural ludwigites
and vonsenites studied to date, and so is the low Sn
content of the other members investigated here.
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TABLE 2.—Quality of indentations in analyzed members of the
ludwigite-vonsenite series

[Results are in percent]

1 2 3 4 3a 4a
WBM/ Lj60/ Lfs5/ J2.21  Lfs8 J2.21
541 WTSL WTSV-3 WTSV-3
Load.._._____ grams__ 50 50 50 50 101 100
Fractures:
None_—-.________ 0 44 0 0 0 0
Very slightly
fractured- ... _ 10 4 18 25 21 33
Slightly fractured. 50 39 70 69 5% 67
Defective;
discarded - .. ___ 40 13 12 6 21 0
Shapes (edges) of
usable indentations:
Straight_. . _______ 0 5 47 67 107 100
Very slightly
concave. . ____ 12 10 47 33 0 0
Concave.________ 88 85 6 0 0 0

Qualitative differences in the testing behsvior of
members of the series are also evident (table 2). As
noted above, only Gorman ludwigite (No. 2) yields a
high proportion of perfect indentations. Mos* inden-
tations on members of the series show one or a few
short fractures. These radiate from one or more cor-
ners of each indentation and are slightly oklique to
the indentation diagonals. Cleavage oblique to the
diagonals is weakly developed at one corner of some
indentations in the vonsenites. Roughly half ths inden-
tations at 100-gram load in Riverside vonsenite (No.
3a) show, in addition to rare or sparse linear fractures,
small conchoidal fractures along one edge. In some
grains, the conchoidal fractures fail to develop until
the test load has been released for a minute or longer.
Conchoidal fractures are absent from indentations
made at 50-g load in this vonsenite. Mg-rich ludwigite
(No. 1) is brittle; 40 percent of the tests cause severe
deformation, mostly by complete shattering of the
grains, though these were many times larger than the
indentations made in them. Fet>-rich vonsenite (No. 4)
gives rather uniformly good indentations. Intermediate
members (Nos. 2, 3) show a low proportion of defec-
tive indentations.

Indentation shape distinguishes the ludwigites (Nos.
1, 2) from the vonsenites (Nos. 3, 4). All indentations
are nearly equant, but the edges of all indentations
in ludwigite are very slightly to distinctly concave,
whereas those in vonsenite are straight at 00-gram
load (Nos. 3a, 4a) and straight or very sligltly con-
cave at 50-gram load (Nos. 3, 4). Load clear'y affects
indentation shape in these vonsenites.

The dependence of microindentation hardness on
composition in the 1udw1g1be—vonsemte series is be-
yond doubt. Hardness varies directly with Mg, n-
versely with Fe*?+Mn. Presumably the relation is so
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readily demonstrated because (excepting Sn-bearing
Gorman ludwigite) Mg and Fe? are the only signi-
ficant compositional variables in R*?, and Fe** and
Al are the only ones in R*. Aluminum varies almost
rectilinearly from 2.2 weight percent in Mg-rich
ludwigite to 0.8 weight percent in Fe*>-rich vonsenite,
and Mn does not exceed 0.x weight percent in any
member (data of Leonard and others, 1962, p. 531-
533 and fig. 3).

Several other simple series of opaque to quasiopaque
Fe-Mg minerals show microindentation hardness vary-
ing directly with Mg content, inversely with F+* content.
The simplest of these is the ilmenite-geikielite series
studied by Cervelle (1967), in which 6 of 10 analyzed
members closely fit a line whose equation, calculated
from Cervelle’s data, is #=116.7 log,oy —320.7, where 2
is weight percent MgO, v is mean HV at 100, 200, and
800 grams. The remaining four members are aberrant,
without evident reason but perhaps because the total
number of indentations measured was rather small.
Cervelle (1967, p. 18) cautioned against using microin-
dentation hardness to estimate composition within the
series; he found mean reflectivity to be more suitable.

Chromites studied by Demirsoy (1968, p. 61 and
fig. 84) and by Cameron and Desborough (1964) show
a similar direct relation between microindentation
hardness and Mg content, but one may infer that their
examples are complicated by the presence of both
Fer? and Fe'3, as well as Al, in major amounts. Thus
the plots of Demirsoy’s data for microindentation
hardness and reflectivity show considerable scatter.
Cameron and Desborough (1964, p. 212) found a nice
correlation among cell edge (indirectly representing
composition), microindentation hardness, and reflec-
tivity (the last varying inversely with Mg content).
Their chromites are transitional to Ti-bedaring mag-
netite containing ulvéspinel inclusions. Twenty-one
analyzed chromites studied by Mezafari (1967) are
magnesian varieties. Aluminum and Fe*?, as well as
Cr, Fe*2, and Mg, vary widely within the suite. Moza-
fari found no systematic relation between micro-
indentation hardness and composition.

Data for the magnetite-magnesioferrite series are
incomplete, but the individual observations of Rum-
yantsev (1965) for nearly pure magnetite, Sinyakov
(1966) for magnetite containing 10-13 percent MgO,
and Burke (én Uytenbogaardt®) and Demirsoy (1968,
fig. 102) for unanalyzed magnesioferrites, when com-
bined, illustrate a similar direct relation between mi-
croindentation hardness and Mg content. The more

3 See footnote 2,
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reliable published data for common spinel and hrer-
cynite point the same way.
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LARGER FOSSIL MAMMALS AND MYLAGAULID RODENTS FROM T&
TROUBLESOME FORMATION (MIOCENE) OF COLORADO

By G. EDWARD LEWIS, Denver, Colo.

Absiract.—Two diagnostic fossil vertebrate faunas occur in
the Troublesome Formation. One, lower stratigraphically and
older, is equivalent to faunal elements of the Merycochoerus
zone (Manrsland Formation) of Nebraska. The second, higher
stratigraphically and younger, is equivalent to faunal elements
of the Brachycrus zone (Sheep Creek Formation) of Nebraska.
If a twofold division of Miocene time be made, then these two
faunas represent, respectively, the end of early Miocene time
and late Miocene Time. A third fauna, the precise age of which
has not been determined as yet, may be somewhat older than
the two diagnostic faunas.

EARLIER WORK

Reported occurrences of vertebrate fossils from Mid-
dle Park, Grand County, Colo., were rare until 5 years
ago, although such reports date back to the Terri-
torial Surveys. The present short report deals with
mammalian fossils from the Troublesome Formation,
whence the first fossil mammal was reported 60 years
ago (1908). Before that time the only vertebrate fos-
sil reported from Middle Park was that by Leidy
(1873, p. 267-268), who wrote:

During Professor Hayden’s expedition of 1869, a fossil was
given to him as a “petrified horse hoof.” The specimen was
found in Middle Park, Colo., and according to Professor Hay-
den was probably derived from a formation of Cretaceous age.
* * * The fossil in question consists of one-half of a vertebral
body [centrum]
of a carnosaurian theropod dinosaur. This wretched
fragment is chiefly notable as the inadequate basis for
making Allosaurus of the Morrison Formation a syno-
nym of Antrodemus (Gilmore, 1920, p. 3, pl. 1).

Cockerell (1908) was the first to report finding a
fossil mammal in Middle Park, Colorado, from a
ranch at Troublesome * * * in the course of making a well.
* * * As no Miocene beds have ever been reported from this
region, the discovery is a remarkable one. * * * S. A, Rohwer
made a * * * search for further materials, but although he
carefully examined all the surrounding region, he could not

find any fossils. It seems probable that the deposit is cuite
local.

This specimen, strangely enough, came from an srea
(fig. 1) where thousands of specimens occur on the
surface of the ground in “all the surrounding regicn”;
it is a jaw fragment with two teeth of a horse that
was identified for Cockerell as Parahippus by J. W.
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Fireure 1.—Distribution of Miocene Troublesome Formation
(stippled) near Kremmling, Grand County, Colo. (from Izett,
1968).
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Gidley and correctly assigned to middle or upper
Miocene rocks.

Near Granby, Colo., about 20 miles east of Trouble-
some Creek, Lovering (1930, p. 74, pl. 6) reported
the collection of Blastomeryx, a camel comparable to
Procamelus, a large Parahippus, and Moropus cf. M.
elatus identified for Lovering by H. J. Cook as “an
Arikaree fauna * * * characteristic of the Lower
Miocene.” Cook’s faunal list seems reasonable enough
in the light of our more recent work, but his strati-
graphic reference is probably too low.

Arthur Richards (1941) reported the collection of
bones from what he called the Troublesome Forma-
tion; they were identified by E. C. Case as “titano-
there” and “Procamelus” of early Oligocene and late
Miocene or early Pliocene ages, respectively. This led
Lovering and Goddard (1950, p. 41) to suggest that
“Oligocene and late Miocene or early Pliocene fossils”
occur in Middle Park. Then G. A. Izett began field
studies of Middle Park in 1961; he found enough fos-
sil vertebrates that a preliminary report was possible
just 2 years later. Izett and Lewis (1963, p. B120-
B121) reached “the tentative conclusion” that the
“fossil vertebrate faunal elements indicate a probable
middle Miocene age * * * equivalent to that of the
Marsland * * * Formation of Nebraska” (see Wood
and others, 1941, p. 12, 25, pl. 1), although neither
the geologic nor the stratigraphic paleontologic data
then available were sufficient to explain the strati-
graphic relations of the several taxa.

LATER WORK

Much geological work in Middle Park has been
completed since 1963 by Izett, and he, Peter Robinson,
G. E. Lewis, and R. W. O’Donnell have collected
many more fossil mammals. The larger mammals and
the mylagaulid rodents have been studied by Lewis.
Robinson, of the University of Colorado Museum, has
collaborated with the U.S. Geological Survey in fossil
vertebrate collection, and has studied all the micro-
mammalian elements except the mylagaulids.

The larger mammals and mylagaulids fall into three
faunal assemblages:

1. A peripheral—and possibly stratigraphically
lower—assemblage occurs about 15 miles east of the
main area of outcrop of the Troublesome Formation
and 1 mile southwest of Granby. At this locality, we
have found a distinctive microfaunal facies with large
numbers of small mylagaulids reminiscent of Promy-
lagaulus riggsi but perhaps more primitive in the
morphological development of the cheek teeth. The
age of these sediments is not certainly determinable
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from these mylagaulids; it may be about the same
age as the Rosebud Formation of Macdonald (1963,
p. 161-163), or it may be about the same age as the
fauna described in the following paragraph.

2. Around the margins of the basin of deposi‘ion of
the Troublesome Formation there are several loralities
(mapped by Izett, 1968) that have yielded faural ele-
ments previously reported from the Merycochoerus
zone (Marsland Formation) of Nebraska. This faunal
assemblage includes Merycochoerus matthews, Mery-
cochoerus proprius, and Mesogaulus cf. M. paniensis.
If a twofold division of the Miocene be used, this
fauna indicates an age at the end of early Miocene
time.

3. The more central parts of the basin of deposition
of the Troublesome Formation (mapped by Izett,
1968) have yielded faunal elements previously renorted
from the Brachycrus zone (Sheep Creek Forwaation
and some younger rocks) of Nebraska. This faunal
assemblage includes Brachycrus cf. B. siouwense or
B. wilsoni, Protolabis angustidens, “Alticamel s”-like
camels, Ouwydactylus-like camels, Paracosoryz sp.,
Merychippus spp., Aphelops cf. A. profectus and cf.
A. megalodus, *Macrotherium sp., and Mylcgaulus
laevis or M. wetus. The University of Michigan Mu-
seum of Paleontology, thanks to Curator of Verte-
brates C. W. Hibbard, kindly loaned me the vertebrate
fossils identified for Richards (1941) by E. C. Case.
I find that the “titanothere” is in fact a large rhinoc-
eros of the genus Aphelops; the “Procamelus” is in
fact Protolabis angustidens. Therefore an “Oligocene
and late Miocene or early Pliocene” age assignment
for the Troublesome Formation is not indicated by
these fossils collected by Richards. If a twofold divi-
sion of the Miocene be used, this fauna indicates late
Miocene age.

Lewis (1968, p. C76) has written previously that

the coutinental Miocene faunas of the United States seem to
fall most naturally into a twofold rather than a threef-1d divi-
sion; * * * Sheep Creek time seems to mark a practicel datum
for the beginning of late (as opposed to early) Mioceme time.
Recently, Sato and Denson (1967) and Denson ard Izett
(written commun., 1968) have demonstrated a comparable
stratigraphic division; they use a twofold division of the Mio-
cene Series in the High Plains and middle Rocky Mcnntains,
with the boundary between the lower Miocene (Arikaree) and
upper Miocene (Ogallala) marked by a change in the regi-
men of sedimentation that begins with the Sheep Creek Forma-
tion.

Thus, Lewis, Denson, and Izett would place the bound-
ary between early and late Miocene rocks betw-en the
Marsland and Sheep Creek Formations in Nebraska.

This is in contrast to the threefold division vsed by
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Twofold division of epochs as used in Threefold division of epochs Epochs, stratigraphic divisions, and
this report by Lewis, specifically modified from Wood and oreodont ranges according to Schultz
with regard to the Miocene others (1941, pl. 1) and Falkenbach (1949, p. 80, in part)
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FIGURE 2—Miocene Troublesome Formation in Colorado, and related Tertiary formations in Nebraska.



B56

Wood and others (1941, pl. 1) according to whose
scheme the Marsland and the overlying Sheep Creek
together make up the middle Miocene in Nebraska.
Comparison of these two arrangements may be made
in figure 2 (p. B55).
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AGE AND STRATIGRAPHIC RELATIONS OF THE TEPEE TRAIL
AND WIGGINS FORMATIONS, NORTHWESTERN WYOMINS

By W. L. ROHRER and J. D. OBRADOVICH, Denver, Colo.

Abstract.—In the southern Absaroka Mountains the upper
part of the Tepee Trail Formation interfingers with the lower
part of the Wiggins Formation. This time-transgressive contact
in the Pinnacle Buttes—-Togwotee Pass area migrates strati-
graphically upward toward the southeast. Potassium-argon
ages of about 46 m.y. on hornblendes from andesites in the
basal part of the Wiggins Formation at Pinnacle Buttes indi-
cate a late middle Eocene age. A large flora from the lower
part of the underlying Tepee Trail Formation indicates that
the Tepee Trail at Pinnacle Buttes is middle Eocene.

The southern Absaroka Mountains of northwestern
Wyoming chiefly consist of gently dipping volcani-
clastic rocks. From Togwotee Pass to East Fork these
rocks comprise the greenish Tepee Trail Formation,
which consists mainly of fine-grained nonresistant
volcanic sedimentary rocks, and the overlying light-
gray Wiggins Formation, a dominantly volecanic con-
glomerate.

The purpose of this report is to review stratigraphic
information and age assignments of the Tepee Trail
and Wiggins Formations and to present new strati-
graphic information. This report is preliminary and
subject to revision as more is learned about the Ab-
saroka volcanic province.

The Wiggins Formation represents a relatively
large timespan, and the Tepee Trail-Wiggins contact
transgresses time. In the Pinnacle Buttes area the
upper part of the Tepee Trail Formation intertongues
with the lower part of the Wiggins Formation, the
Tepee Trail is restricted to the middle Eocene, and
the lower part of the Wiggins is also of middle Eocene
age. Elsewhere, the Tepee Trail is in part of late
Eocene age and the Wiggins is probably of late Eocene
and early Oligocene age. The age of 45-46 million
years which was established by Evernden, Savage,
Curtis, and James (1964, p. 165) for the middle
Eocene-late Eocene boundary is used in this report.

TEPEE TRAIL FORMATION

At the type section of the Tepee Trail Formation
in the East Fork area (fig. 1), the formation consists
of green or brown dominantly volcaniclastic rccks
(Love, 1939). The formation is more than 1,400 feet
thick, but the total thickness is unknown becsuse
the base of the formation is not exposed. The lover-
most 150 feet of the Tepee Trail consists of tuff,
conglomerate, siltstone, claystone, and shale, overlain
by 465 feet of tuff and volcanic conglomerates and
minor siltstone, shale, and claystone. The uppermost
800 feet consists of shale, sandstone, conglomer-te,
thin lava flows, tuff, and breccia. Love (1939, p. 74)
reported that the southern and eastern exposures in
the East Fork area are chiefly fine-grained fluvial tuft
that coarsens to the north and northwest.

In the Du Noir area (fig. 1, area 2) the Tepee T-ail
Formation is 0-1,500 feet thick (Keefer, 1957, p. 193).
Here the formation consists chiefly of green, olive-
drab, and brown water-laid sandstone, volcanic con-
glomerate, shale, and tuff. The strata become pvo-
gressively coarser and more conglomeratic toward the
top. The thickness of the Tepee Trail varies widsly
owing to pre-Tepee Trail topography.

The contact between the Tepee Trail and the Wig-
gins was inferred throughout the Du Noir area be-
cause only a few isolated exposures of the contact were
observed (Keefer, 1957, p. 194). The contact as
determined chiefly on the basis of color: the pre-
dominantly dark-green strata were assigned to the
Tepee Trail and the overlying light-brownish-g-ay
strata were assigned to the Wiggins.

In the Kisinger Lakes quadrangle (fig. 1; Rohrer,
1966) the Tepee Trail Formation is about 1,800 feet
thick and consists mainly of grayish-green fine-grained
fluvial volcanic sedimentary rocks. The strata are
interbedded claystone, siltstone, sandstone, bentonite,
and mudstone. Although uncommon, red and fleh-
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colored claystone, pebble conglomerate, and coal also
occur in the formation.

The base of the Tepee Trail Formation in the
Kisinger Lakes area was chosen at the base of a vol-
canic sandstone and conglomerate unit. The lower-
most beds contain green, gray, and pink biotitic lapilli
and chert and quartzite pebbles in a green sandstone
matrix. This basal unit is ledge forming and discon-
formably (?) overlies a greenish-gray volcanic sand-
stone, which grades upward from coarse-grained sand-
stone to siltstone and claystone, assigned to the Wind
River Formation. Although volcaniclastic rocks are
not generally found in the Wind River Formation, in
the area west of Du Noir Creek these rocks are com-
mon to the formation.

PALEONTOLOGY AND STRATIGRAPHY

The lower 1,200 feet of the Tepee Trail corsists of
greenish-gray, graylsh green, and brownish-gr~y fine-
to coarse-grained volcanic sandstone, greenich- and
brownish-gray clayey volcanic siltstone, and gray,
greenish-gray, and pale-red locally bentonitic clay-
stone. A 35-foot-thick pale-greenish-tan, gray-veather-
ing bentonite bed, which occurs about 280 feet above
the base of the formation, may be the same bed
observed by Keefer (1957, p. 192) at White Pass, in
the Du Noir area (fig. 1).

The upper 600 feet contains many tongues of vol-
canic mudflow conglomerate and mudstone intevbedded
with the claystones and sandstones. These conglomer-
ates consist of angular to rounded pebbles and small
boulders of volcanic rocks and fragments of fossil
wood. These coarse sediments grade southward to silt-
stone and claystone. Of the several conglomer~te and
mudstone beds in the lower 300 feet of the n~asured
section (fig. 2), only the lowest mudstone is present
1 mile to the southeast.

At DPinnacle Buttes a distinctive bluich-green
marker unit, known to the authors as the “Big Blue,”
occurs about 300 feet below the top of the Tep-e Trail
Formation (fig. 2). This marker unit, which is easily
seen from the highway west of Brooks Lake Creek, is
a composite unit about 32 feet thick composed of very
fine to coarse andesitic sandstone, volcanic pebble
conglomerate, siltstone, and claystone. The c'aystone
contains a few plant impressions. North of Brooks
Lake where the “Big Blue” crosses the valley floor,
the unit contains abundant angular pebbles and cob-
bles of andesite. Northwest of Brooks Lake, the “Big
Blue” loses much of its characteristic color and forms
a resistant bench (fig. 3). The unit is a volcanic mud-
flow conglomerate, like those in the Wiggins, that con-
tains angular andesite boulders as much as 6 feet in
diameter.

WIGGINS FORMATION

No type section of the Wiggins Formation I'~s been
designated. However, a representative section was
measured and described in sec. 20, T. 44 N., R. 104 W.
(Love, 1939, p. 80). There the Wiggins consists of 989
feet of alternating volcanic conglomerate, tff, and
andesite flows. The Wiggins Formation in the Du
Noir (Keefer, 1957, p. 195) and Kisinger Lakes areas
is similar to that described by Love except that andes-
ite flows are uncommon. At Pinnacle Buttes about
1,500 feet of Wiggins is present; elsewhere, t~e Wig-
gins is reported to be about 4,000 or more feot thick
(Ketner and others, 1966, p. 7; Wilson, 1963. p. 17).

The Wiggins Formation at Pinnacle Buttes is an
alternating sequence of brownish-gray volcanic mud-
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1966). On the basis of this fossil evidence the Tepee
Trail Formation ranges in age from middle to late
Eocene from west to east. Although this age range is
long, the late Eocene age (45 m.y.) for vertebrates of
the Badwater area is barely in that time range (Evern-
den, Savage, Curtis, and James, 1964, p. 189, KA
1024).

Wiggins Formation

The Wiggins was originally given a queried Oligo-
cene age primarily on the basis of “large leg bones
tentatively identified in the field as those of an Oli-
gocene titanothere” (Love, 1939, p. 83), but the collec-
tion was lost before it was positively identified. Early
Oligocene (Chadronian provincial age) vertebrates
were found in the Wiggins Formation along Mink
Creek (fig. 1) near the west edge of the volcanic field
where the formation overlies Paleozoic and Mesozoic
rocks (Love, 1956, p. 88). A reconnaissance traverse
north and west of Pinnacle Buttes indicates that the
Wiggins strata at Mink Creek are at most 300 feet
stratigraphically higher than the basal Wiggins at
Pinnacle Buttes (H. Smedes, oral commun., Oct. 1968).
Such minor stratigraphic separation of beds of
markedly different ages implies the presence of an
unconformity.

In the Carter Mountain-Wood River area to the
northeast (fig. 1), Wilson (1963) reported a vertebrate
fauna of Eocene age from a clay bed in the Blue Point
Conglomerate Member of the Wiggins Formation,
whereas a K-Ar date from the associated trachytic
ash indicates an age of 33.9:£3.4 m.y. (Houston, 1964,
table 3; written commun., Jan. 23, 1968). This ano-
malously young radiometric date is from slightly
chloritized biotite and should be questioned in view
of the conflicting vertebrate age.

Two andesite samples for radiometric dating were
collected from the Wiggins Formation at Pinnacle
Buttes (figs. 1, 2, 3). One sample is from a small
andesite lava flow or sill at the base of the Wiggins,
and the other is from a boulder within the volcanic
mudflow conglomerate that overlies the lava. The
K-Ar ages of hornblendes separated from these sam-
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ples are similar and indicate a late Bridgerian pro-
vincial age or middle Eocene age. The data follow:

Radio-

K1t Ar#moles/ genic Age (r.y.)
(percent) gX10-11  argon
(percent)

Sample No. Mineral

DKA-1437__. Hornblende___ 0.546 4.53 76.5 46.241.8
DKA-1439___ Hornblende... .506 4.22 61.8 46.54:2. 3

1Isotope dilution anlyses; average of duplicates.

Thus, on the basis of radiometric dating of samples
from the base of the formation and the presence of
vertebrate fossils from stratigraphically higher parts,
the Wiggins Formation ranges in age from latest mid-
dle Eocene to early Oligocene.

SUMMARY

On the basis of radiometric data, the lower part of
the Wiggins at Pinnacle Buttes is latest middle Eocene
in age; on the basis of fossil plants and the K-Ar
dates, the underlying Tepee Trail Formation is of
middle Eocene age in the Kisinger Lakes area. Tl ~se
findings do not invalidate a late FEocene age for the
Tepee Trail or an early Oligocene age for the Wig-
gins elsewhere. An unconformity spanning considerable
time may account for the contradictory ages at Pinnacle
Buttes and Mink Creek. If the latter is true, the white
and light-colored sequence of rocks overlying the t;pi-
cal green Tepee Trail strata is below the unconformity
at Pinnacle Buttes (fig. 2). The Mink Creek fossils are
derived from a similar light-colored sequence of ro-ks.
The early Chadronian vertebrates in the Wiggins at
Mink Creek and the new K-Ar dates indicate that the
4,000-foot-thick Wiggins Formation spans nearly 10
m.y. The Wiggins is a time-transgressive sequence.
The occurrence of late Eocene vertebrates in the Tevee
Trail Formation in the Badwater area requires a mid-
dle to late Eocene time-transgression for the upmer
Tepee Trail strata. The Tepee Trail and Wiggins For-
mations intertongue in the Togwotee Pass-Pinnacle
Buttes area, and the formational contact migrates stat-
igraphically upward and eastward. These conclusions
are summarized in figure 4 (p. B62).



B62 PALEONTOLOGY AND STRATIGRAPHY
Provincial Pinnacle East Fork | Wood River | g, qater
Epoch ra digrmdetric (To':z cl'r;:g) Buttes (Liavit ';gg;) (Inferred, (M:gg:ed (Tourtelot,
age ' (This paper) ! this paper) Wilson, 1963) 1957)
Oligocene | Chadronian L/\V/Vl\gfl/n\s\ Wiggins
37 my.—— N \\< ----------------------------------- I
&\ ") 1=
Duchesnean 7 AN » c -
w NN \ c - o
N w
F— 40 m.y.—f- == m e |- < ____.—.>\\>>"\\/*~ ______ ; ------------ ::‘_-»- S S
= ) - 2
Uintan ; T.I?fa?'e = /
- T Rlue Pt Tepee
0 Blue Point
° 45 m.y. P it N N ?\ —————————————————————
S - Early basalt
o w [ i je———————
8 o
= . . Tepee .
i g Bridgerian f Tepee Aycross T:’ail pitehfork Trail
= s Tral | fchtor
~ Aycross
49 my—-mm e T
Tatman
2 . Wind Wwind Wind . Wind
§ | Wasatchian River River River Willwood River

Ficure 4.—Correlation of lower Cenozoic formations in the southern Absaroka Mountains based
on fossil and radiometric ages. Radiometric ages of mammalian provincial ages are from

Evernden, Savage, Curtis, and James (1964)
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NEW EVIDENCE ON AGE RELATIONSHIPS OF POSSIB'E
EOCENE ROCKS IN SOUTHWESTERN NORTH DAKOTZ

By N. M. DENSON, Denver, Colo.

Abstract.—Stratigraphic studies in Morton, Billings, Golden
Valley, Hettinger, Stark, and Slope Counties, southwestern
North Dakota, indicate that generally accepted regional corre-
lations of two stratigraphic units probably should be revised.
First, a fine- to medium-grained sandstone previously corre-
lated with the upper part of the Sentinel Butte Member of the
Fort Union Formation of Paleocene age may actually be cor-
relative with the Golden Valley Formation of early Eocene
age. Second, the siliceous gray-green bentonitic siltstone and
reddish brown claystone beds that unconformably overlie the
Golden Valley(?) equivalent may actually be a hitherto un-
recognized stratigraphic unit of late Eocene age rather than
part of the White River Formation of Oligocene age as previ-
ously thought.

A relatively uniform blanketlike deposit of fine- to
medium-grained brown-weathering fluviatile sand-
stone 150-200 feet thick caps many of the prominent
buttes (Sentinel, Flattop, Saddle, Bullion, Camels
Hump, and Rocky Ridge) and directly overlies im-
portant uraniferous lignite deposits in the Little Mis-
souri River escarpment area in west-central Billings
County and the northwestern part of Stark County
in southwesternr North Dakota (fig. 1). Most geolo-
gists, including the author, have assigned this sand-
stone on tenuous but permissive evidence to the Sen-
tinel Butte Member of the Fort Union Formation of
Paleocene age. The similarity, however, of the non-
opaque heavy-mineral assemblages from this sandstone
to those of the lower Eocene Golden Valley Forma-
tion and their marked differences from those of the
underlying Fort Union Formation suggest to the
author that this sandstone may be a western sand-
stone facies of the Golden Valley.

The nonopaque heavy-mineral assemblages from the
Golden Valley Formation in secs. 8 and 11, T. 140 N.,
R. 90 W., 4 miles north of Hebron in Morton County,
N. Dak., and from the Golden Valley(?) equivalent
overlying the uraniferous deposits in the Little Mis-
souri River escarpment area (Tps. 187-142 N., Rs. 99—

100 W.; from No. 1 to No. 4, fig. 1), are characterized
by the occurrence of chloritoid and blue-green hovn-
blende. Epidote, zircon, and garnet are common con-
stituents. By contrast, the nonopaque heavy-mineral
assemblages from the underlying Sentinel Butte,
Tongue River, and Ludlow Members of the Fort Union
Formation locally are characterized by differing pro-
portions of staurolite, kyanite, andalusite; tourmaline,
and garnet. Chloritoid and blue-green hornblende are
generally absent. Nonopaque heavy minerals are at
least three times more abundant in the very fine grained
sand fraction (0.062-0.125 mm) of most of the samples
from the Golden Valley and its possible western sand-
stone correlative than in samples from the underlying
Fort Union Formation. These differences indicate a
marked change in the provenance of sediment during
deposition of the Fort Union and Golden Valley For-
mations. Similar changes in sediment provenance
occurred during deposition of Eocene and Paleocene
rocks at many localities in the basin areas of Wyoming
and Colorado (Stow, 1938, p. 157). This suggests that
the blanketlike sandstone in the western part of the
Williston basin, which includes the report area, is
more closely allied lithologically to lower Eocene
rocks than to the underlying Paleocene.

The blanketlike Golden Valley(?) sandstone rests
on the stratigraphically highest lignite of the Sentinel
Butte Member of the Fort Union Formation. This
lignite is clearly of late Paleocene age as indicated by
analyses of pollen and spores made by Harry A.
Leffingwell (Union Oil Co. of California) in samgles
collected by the author. Three of the six carbonace-
ous samples yielded excellent paleontological as-
semblages. None of the assemblages contained Focene
index forms, and three contained species which do not
range below mid-Paleocene. The carbonaceous samy ‘es
studied for spore and pollen came from open-pit mines
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in northern Slope County, eastern Billings County,
and western Stark County, N. Dak. (fig. 1).

The author believes that the hard siliceous green,
gray-green, and dark-gray bentonitic siltstone and
reddish-brown concretionary noncalcareous claystone
that unconformably overlie the blanketlike sandstone
in some areas and cap some of the buttes in the Little
Badlands of southwest Stark County are not the very
lowest part of the White River Formation of Oligo-
cene age as currently mapped (Benson, 1951), but that
they are in reality late FEocene in age. These rocks do
strikingly resemble the fossiliferous upper Eocene
rocks that persist for 100 miles or more across the
Granite Mountains and Bates Hole-Shirley Basin
areas where locally in central Wyoming they have
been incorrectly assigned to the Oligocene White River
Formation (Love and others, 1955).

Further study of nonopaque heavy-mineral suites
and spores in southwestern North Dakota will be
necessary to corroborate the early and late Eocene age
assignments suggested here. Areal mapping would
assist in establishing age relationships of the rock
units in the Little Missouri River escarpment area
with those in the type area of the Golden Valley
Formation in Mercer County, and the Little Badlands

R
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of southwest Stark County, N. Dak., where vertebr~te
and plant fossils clearly demonstrate the presence of
rocks of early Eocene age.
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WHITE CLAY DEPOSITS NEAR MOUNT HOLLY SPRINGS,

CUMBERLAND COUNTY, PENNSYLVANIA

By JOHN W. HOSTERMAN, Beltsville, Md.

Abstract.—In the vicinity of Mount Holly Springs are at
least five deposits of white clay, all in rocks of Early Cambrian
age. The only operating deposit at present is the clay pit
leased by the Philadelphia Clay Co. Here, the deposit is approx-
imately 200 feet by 1,600 feet and at least 150 feet deep. The
white clay is composed of 70 percent clay, 24 percent silt, and 6
percent sand. The clay fraction is composed of kaolinite and
illite in a ratio of 9:1. The white clay averages 71 percent
Si0: and 19 percent Al.O; on the pit floor but changes to 62
percent SiO: and 25 percent Al.Os at a depth of 150 feet. Traces
of alunite have been found in the deposit, indicating that the
clay was probably formed in part by hydrothermal alteration.

In the vicinity of Mount Holly Springs, as many
as five white clay deposits have been worked during
the past 75 years. Only one of these deposits is being
worked at present. This report represents a study of
the mineralogical and chemical properties of the white
clay in the open pit of the Philadelphia Clay Co.

These white clay deposits are composed predomin-
antly of kaolinite and have been considered by pre-
vious workers as residuum formed by the weather-
ing of phyllite and limestone beds. The presence of
alunite in the Philadelphia Clay deposit, however,
suggests that the deposits may be partly hydrothermal
in origin. Also, as depth from the surface increases,
the SiO, content decreases and the Al,O, content in-
creases, a relationship not found in a weathered pro-
file; this further supports the probability of partial
hydrothermal origin.

All the old abandoned clay deposits and the deposit
of the Philadelphia Clay Co. are south and south-
west of Mount Holly Springs in a narrow longitudinal
valley enclosed by two parallel southwest-trending
ridges (fig. 1). The ridges are composed largely of
quartzite and conglomerates, and the valley is under-
lain by phyllites and carbonates. All these rocks are
Early Cambrian in age (Stose, 1958). The two ridges,
Pine Mountain and South Mountain, are the northern
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extension of the Blue Ridge physiographic province
which extends from Pennsylvania to Georgia. The
Triassic Upland of the Piedmont province lier to the
southeast, and the Cumberland Valley of the Ridge
and Valley province lies to the northwest.

HISTORY OF THE DEPOSITS

White clay deposits in the South Mountsin area
have been mined intermittently since about 1890, but
no accurate production data are available. T™e clay
was probably first recognized in the mid-1€00’s by
prospectors looking for iron ore. Between 1890 and
1910, at least five companies mined clay in the area.
Four of these companies had facilities for beneficiat-
ing the clay, which was then sold to paper mills for
use as a paper filler. One company in Mount Holly
Springs used the raw clay for making cream to light-
buff brick (Stose, 1907, p. 330). By 1930, }owever,
only two companies were mining clay: the Fhiladel-
phia Clay Co. had a 100-ton daily capacity mill for
washing and drying clay, and the Medusa Portland
Cement Co. was mining and shipping raw clay for
use as a whitener in portland cement (Leightcm, 1934,
p- 13). In 1967, the Philadelphia Clay Co. was the
only producer of clay. This company, with modern
earth-moving equipment, has changed from under-
ground mining to open-pit mining and is crrently
producing about 40,000 tons of raw clay a year. The
clay is trucked to York and used in making hydraulic
white cement.

GEOLOGY OF THE DEPOSITS

The geological and structural setting of the white
clay deposits is not completely known becauss of the
scarcity of bedrock exposures and the poorly known
lithology of the Tomstown Formation. According to
Stose (1953), (1) South Mountain is an anticlinal
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F1eURE 1.—Generalized geologic map showing location of clay deposits near Mount Holly Springs, Cumberland
County, Pa. (from Stose, 1907, p. 327).

mountain underlain by Antietam Quartzite on the
flanks and the Montalto Quartzite Member of the
Harpers Schist in the core; (2) Piney Mountain is a
homoclinal mountain composed of Antietam Quart-
zite, the Montalto Quartzite Member of the Harpers
Schist, and Weverton Quartzite; and (38) the longi-
tudinal valley of Mountain Creek is a synclinal one
underlain by the Tomstown Formation. Freedman
(1967) agrees, in general, with Stose’s geologic map,
but he has made two major changes in the area of the
clay deposits. He believes that the quartzite underly-
ing South Mountain is the Montalto Member of the
Harpers Formation instead of the Antietam Quartzite
and that there is a major fault along the southeast-
facing slope of South Mountain. This fault is steeply
dipping and has a relative upward movement on the
northwest side. The phyllite beds exposed in the Phil-
adelphia Clay Co. pit are tightly folded and contorted
and do not form a simple syncline.

In the type Iocality, the Tomstown has been
changed to Formation because the unit, formally
called dolomite, consists of many different lithologic
units. The Tomstown Formation in this area is com-
posed of thick-bedded, dense bluish-gray dolomite,
Light-gray thin-bedded limestone, and light-gray phyl-
lite. The dolomite forms a thick reddish-brown resi-

duum composed of kaolinite and illite; the limestone
weathers to a sticky yellow clay consisting of illite
and kaolinite; and the phyllite weathers to a varie-
gated silty clay containing predominantly kaolinite
and some 1llite.

GEOLOGY OF THE PHILADELPHIA CLAY CO. DEPO"'T

All the clay deposits in the Mount Holly Springs
area undoubtedly have the same geologic environ-
ment. The deposits are in the phyllite member of the
Tomstown Formation, and all the deposits are about
the same distance from the quartzite of the Montalto
Member. Although Stose (1953) shows this contact to
be normal, evidence in the Philadelphia Clay Co. clay
pit, which is the only one accessible for study, indi-
cates that it is a fault contact. This fault is probably
the principal reason for the formation of these depns-
its.

The white clay deposit of the the Philadelphia Clay
Co. is lens shaped, measuring approximately 200 feet
in width at its maximum breadth and 1,600 feet in
length (fig. 2); its vertical extent at depth is un-
known. The northern boundary of the deposit, whore
it is in fault contact with the quartzite of the Mon-
talto Member, is sharp and straight. The southern
boundary is gradational, the white clay grading into
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yellow, pink, red, and brown silty clay. This vari-
colored silty clay, which is about 200 feet wide, grades
into grayish-green to light-gray phyllite and calcite-
veined limy phyllite of the Tomstown Formation.

Two auger holes were drilled in the floor of the pit
(fig. 2). Auger hole 2 penetrated white clay for its
entire length of 150 feet. Auger hole 1 penetrated
white clay for a depth of 80 feet, then variegated
silty clay. When the variegated silty clay contact was
connected with the same contact at a depth of 80 feet
in auger hole 1 (fig. 2), this contact was found to have
an approximate dip of 60°. The contact does not fol-
low the bedding planes, except locally. Assuming that
the contact between the white clay and the variegated
clay dips 60° NW., the white clay deposit probably
wedges out against the steeply dipping fault contact
at about 300 feet below the level of the pit floor (see
section A-A’, fig. 2). The Montalto Quartzite Member
along the southeast-facing steep slope of South
Mountain dips 45° to 80° SE. Bedding in the white
clay is not distinguishable because open-pit mining
has exposed only clay that has been disturbed by pre-
vious underground mining. Adjacent to the white
clay, the variegated silty clay, although very con-
torted, has an average dip of 60° N. This can be seen
by following the thin sandy beds. The haulageway
exposed an anticline in the somewhat weathered phyl-
lite of the Tomstown Formation about 350 feet south
of the white clay.

MINERALOGY AND CHEMISTRY OF THE DEPOSIT

The white clay, variegated silty clay, and weathered
phyllite show progressive differences in particle-size
content, clay-mineral ratio, and SiO, and Fe,O; con-
tent (based on X-ray fluorescence analyses), as pre-
sented in table 1. In the white clay, sand and silt
decrease and clay increases slightly with depth; at a
depth of 100 feet below the pit floor, the clay content
increases to 72 percent, and at a depth of 150 feet, the
clay content is 74 percent. The sand and silt fractions
of the white clay are composed chiefly of quartz and
trace amounts of muscovite, hematite, and limonite.
The sand and silt fractions of the variegated silty
clay are composed of fine-grained quartz with hem-
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atite and limonite. The sand and silt fractions of the
slightly weathered phyllite are composed of fine-
grained quartz with a little muscovite, biotite, and
magnetite. Some of the phyllite contains limy bods
and calcite veins.

Hosterman (1969) describes how the samples were
prepared for determining the partial chemical compo-
sition by X-ray fluorescence methods. The method is
not as accurate as the wet-chemical method but was
found to be accurate to within 10 percent of the
amount of oxide present. Rose and others (1962, 19°4)
have described more complicated sample preparation
procedures that give more accurate results.

The SiO, content in the rocks at the surface de-
creases from white clay through the variegated s'lty
clay to the weathered phyllite, whereas both the Fe,O;
and K,O contents increase. The Al.O, content varies
only a few percent without any discernible trend
except for a slight decrease from the variegated s'lty
clay into the weathered phyllite. The TiO, content
remains constant (fig. 3). In addition to these chem-
ical variations, the following mineralogical changes
take place: kaolinite is most abundant in the wlhite
clay and least abundant in the phyllite; illite is least
abundant in the white clay and most abundant in the
phyllite. The differences in chemical and mineralog’cal
composition may be due to weathering, but they may
also be due to differences in the lithology. The AlLQO;
content does not change very much as a result of
either weathering or bulk lithology because the abund-
ance of AlLQO; in naturally occurring illite can be
almost as high as it is in kaolinite (Grim, 1953, p.
272).

The nature and attitude of the southern boundary of
the white clay deposit are obtained from the chem-
ical and mineralogical data obtained from auger Iole
1. The vertical hole (fig. 4) was drilled within the
white clay deposit approximately 60 feet from the
contact with the variegated silty clay (fig. 2). The
high SiO, and low Al,O; content of the first sample
is due to contamination from both quartzite and the
variegated silty clay washed into the clay pit from
the nearby spoil bank. The samples taken at 10- snd
20-foot intervals are slightly higher in silt content

TABLE 1.—Particle-size content, clay-mineral ratios, and content of 8i0;, Al,Qs, and Fe,03 in clay from the Philadelphia Clay Co.

deposit
Clay-mineral ratios
No. of Sand Silt Clay Si0: AlO; FesOs
samples (weight percent) Kaolinite Illite Mont- (weight percent)
morillonite

Whiteelay._ . ____________________ 30 6 24 70 9 1 .. 71 19 0.4
Variegated silty clay_____.____________ 3 5 34 61 8 2 Trace 66 19 2.2
Weathered phyllite. ... _______________ 5 7 33 60 1 7 2 56 18 6.3
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than the average white clay; therefore, the SiO, con-
tent is higher and the Al,QO; content is lower than the
average-grade white clay. At a depth of 80 feet, the
hole penetrated variegated silty clay. The boundary
between the two clays is placed where there is a
marked color change from white (¥9)* and yellowish

1Color designations are based on the ‘“Munsell Soil Color Chart”
(Munsell Color Co., 1964).
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white (10YR9/1) to weak orange pink (5YR”/2 and
10R7/2). At this boundary, the Al,O; content de-
creases markedly, and in the Fe,O; and K.O contents
increases as compared with the 50 feet of white clay
above it. The SiO, content, however, remains fairly
constant, indicating no increase in the amount of sand
and silt present. In addition, illite increases and kaoli-
nite decreases. The kaolinite-illite ratio above 80 feet
is 9:1 and below is 8:2. Traces of alunite vere ob-
served between 30 and 80 feet. These color, chemical,
and mineralogical changes at a depth of 80 feet indi-
cate that the white-clay-variegated silty clay contact
dips approximately 60° N.

The chemical and mineralogical data obtain>d from
auger hole 2 indicate that the Philadelphia "~y Co.
deposit was not formed exclusively by weathering
processes. Auger hole 2 was drilled vertically in white
clay approximately 145 feet from the variegated silty
clay contact (fig. 2). The high SiO. and low Al,O;
content (fig. 5) of the surface samples is poss’bly due
to quartz contamination resulting from blasting and
stripping of the Montalto Quartzite Member on the
mountain slope above the clay pit. From 1C to 150
feet, the SiQ. decreases from 72 to 62 percent, the
Al,Q; increases from 18 to 25 percent, the Fe,O; and
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POSSIBLE EXPLORATION TARGETS FOR URANIUM DEPOSITS,
SOUTH END OF THE URAVAN MINERAL BELT, COLORADO-UTAH

By DANIEL R. SHAWE, Denver, Colo.

Work done in cooperation with the U.S. Atomic Energy Commission

Abstract.—Uranium deposits in Mesozoic sandstone at and
near the south end of the Uravan mineral belt, Colorado-Utah,
show a preferred association with zones of faults and folds.
Here many large deposits in the Salt Wash Member of the
Morrison Formation of Late Jurassic age occur near faults
associated with collapsed salt anticlines. Unexplored areas with-
in the belt, where favorable strata may exist near faults, are
on the northeast side of Disappointment Valley 5 miles east
of Slick Rock, Colo., and in a zone extending from Montezuma
Canyon, Utah, to the Dolores River Canyon, Colo. Deposits in
the Moss Back Member of the Chinle Formation of Late Trias-
sic age are very large and widespread along the Lisbon Valley
fault, Utah, and are related to a closed anticlinal structure.
Worthy of exploration is another area where favorable host
rocks likely occur in a closed anticlinal structure near faults
in the vicinity of the Dolores River Canyon, 10 miles northeast
of Dove Creek.

Economically important amounts of uranium have
been produced from the Salt Wash Member of the
Morrison Formation of Late Jurassic age and the
Moss Back Member of the Chinle Formation of Late
Triassic age in and near the Uravan mineral belt,
Montrose, San Miguel, and Dolores Counties, Colo.,
and adjacent San Juan County, Utah. In the south
part of the mineral belt, the area shown in figure 1,
most production from the Salt Wash Member has
come from the uppermost sandstone stratum, called
the “ore-bearing sandstone.” Where uranium ore has
been mined, the ore-bearing sandstone is thick (gen-
erally more than 50 feet) and laterally extensive and
it contains abundant carbonaceous plant material.
Most production from the Chinle Formation has come
from similarly thick and carbonaceous sandstone chan-
nel-fill layers in the lower part of the Moss Back
Member at the base of the Chinle in the area of Lisbon
Valley, Utah.

The uranium deposits in both the Salt Wash and
the Moss Back show a strong tendency to be spatirily
associated with anticlines or fault zones. This strong
association suggests that areas of anticlines and fanlts
where uranium deposits are not known but wkere
favorable host strata arve likely to occur are worthy
of exploration for undiscovered uranium deposits. Re-
gardless of the multiple geologic factors that influenced
localization of deposits, possibly of different ages and
in different hosts, the apparent structural control sug-
gests merit in this pragmatic approach to exploraton.
Three structurally favorable areas where host sand-
stone layers may occur are described.

Area 1 is in Disappointment Valley, San Miguel
County, Colo., 5 miles northeast of Slick Rock (fig. 1),
where numerous holes drilled by the U.S. Geological
Survey in the mid-1950’s penetrated favorable ore-
bearing sandstone (Rogers and Shawe, 19¢2).
Although few of these holes were mineralized, it is
reasonable to surmise that mineralized ground occurs
north and northeast of the drilled holes, and closer
to the zone of faults bounding the southwest edge of
the collapsed Gypsum Valley anticline. Drilling
depths to penetrate the ore-bearing sandstone ar~ a
maximum of about 1,200 feet in the vicinity of the
previously drilled holes, and they decrease rapidly
northward.

Area 2 is part of a large area of mainly unexplcred
ground between the deposits exposed in Montezrma
Canyon (Huff and Lesure, 1965) and those minec in
the vicinity of Slick Rock farther northeast. Ore-
bearing sandstone in the Salt Wash Member 5 miles
west of Egnar, Colo., in the vicinity of the Deremo
mine, is thick and extensive, and therefore favorable.
If the favorable sandstone here extends southwarc to
the vicinity of the zone of faults trending N. 75° E.

B73

U.S. GEOL. SURVEY PROF. PAPER 650-B, PAGES B73-B76



ECONOMIC GEOLOGY

B74

00 THADIN NVS

/ 00 ASOULNON

L)
w!

Lo
ooy ou gt

s)}isodap \.wnEwEo N
yoeg SsoW .

slisodep
1aquiay yoeg SSON

00
°8€




E75

SHAWE

(gg6T) 1eduH
pUB JIOUISLY WIOIF 1[0 [BISUIW WEBABI() JO SHUL]T "(896T “UNWUI0) USLIM) JUBAM P ‘A PUB ‘180 'd 'L ‘S9ULBH " " DUB ($96T) SWEIIM WoIy porrdwo)
“q8})-0PBI0T0D ‘}[oq TeIIUIT UBABI() 9Y) JO PUS YINOS 9Y) 189U Punois s[qerosey L(qissod Jo seoare porordxoun pus ‘syme] ‘syisodop wniueIn guimoys dep—'1 II0HLT

21008 dow
WNOYS SIUNINUD $2.40)0F PpuD RapvA surnuy y papropd 1180dap fo spuy)
punoid s[qeroaey U0QSyT U0 SAN0U0I 1/-0008 AJUO N .88 SO yanos fquo 82001pur 10QuLAiS PUOS 01
aqissod Jo ouIIn(y  PUOISPUDS DI0YDQ S0 35Dq U0 UMDLQ — umoyg “uopomposd umouy oN 8o 5 spunod 000‘0z> UONIMPOLT spunod 000°0z< U0RINPOLT
JN0JU0Y dIn3onalg Jneg joodsoad wniuer) j1s0dep winued ) Gmmo.”mwmu wnuea)
—— 0008~ = — R X . o

NOILYNVY1dX3

I T T T ]
S3TIW 02 51 or S 0
00,601
T
_ ] X oX X
S . N
Ry m_ X <X v
VY01 N
0Qv¥0100 gl -
3 :
g & 3
0_ % %
_0D YWAZIINOW _ - .
— 00 Sa¥070d tT— X Ya

_——L

Do:oowanoz

syisodap
12U Moeg SSOW

00
«8€

m/z.

6

328-687 0—69



B76

from Montezuma Canyon to the Dolores River Canyon
(Glade fault zone, Shawe and others, 1959), large
deposits like those centered on the Dolores fault zone
in the vicinity of Slick Rock may occur in it. Inter-
pretations concerning the deposition of favorable sand-
stone in the Uravan mineral belt (Shawe, 1962) suggest
that this sandstone may extend into the area. Drilling
depths to the target horizon are estimated to be about
750 feet.

Area 3, in the vicinity of the Glade graben where
the Dolores anticline shows structural closure, should
be worthy of exploration for uranium deposits in the
Moss Back Member. Much uranium ore has come from
mines in sandstone strata of the Moss Back Member
of the Chinle Formation of Late Triassic age in the
vicinity of the Lisbon Valley fault, Utah (Steen and
others, 1953; Lekas and Dahl, 1956; Weir and Puffett,
1960). Ore is known in the Moss Back Member on the
northeast side of the Lisbon Valley fault, but it is not
shown on figure 1 because none has yet been produced
there. Structure contours are closed around the Lisbon
Valley anticline here, and the close correspondence of
ore distribution and contours indicates an anticlinal
structural control (fig. 1). Southeast of the Lisbon
Valley district small uranium deposits are known in
the Moss Back Member in the Dolores River Canyon
near the southeastern terminus of the Dolores fault
zone (Shawe and others, 1959). The deposits here lie
along the axis of the Dolores anticline, and occur in
thick parts of the Moss Back Member which appear
to have wide extent as channellike deposits of sand-
stone in which carbonaceous plant material is abun-
dant (Shawe and others, 1968, fig. 13). Abnormally
high radioactivity at the base of the Moss Back is
widespread in this area. Because the source area of
the Moss Back has been interpreted as southeast of
Slick Rock (Stewart and others, 1959), possibly favor-
able sandstone strata in the Moss Back lie beneath
deep cover southeast of the exposures in the Dolores
River Canyon. Drilling depths to penetrate the Moss

R
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Back range from a few hundred feet in the bottom of
Dolores River Canyon just south of the Glade graben
to at least 2,000 feet a few miles farther east.
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HYDRAULIC EQUIVALENCE OF MINERALS WITH A
CONSIDERATION OF THE REENTRAINMENT PROCESS

By NEIL S. GRIGG and R. E. RATHBUN, Fort Collins, Colo.

Abstract.—The concept of hydraulic equivalence has evolved
to mean that grains having equal fall velocity tend to be of
equivalent hydraulic value. However, calculations based on
standard fall-velocity relations and Shields’ criterion for erit-
ical shear stress suggest that grains having the same fall
velocity but different specific gravities will require different
shear stresses for initiation of motion. These calculations sug-
gest for grains moving in traction, subject to continuous deposi-
tion and reentrainment, that equal fall velocity alone should
not be a sufficient criterion to assure that the grains will be
of equivalent hydraulic value.

In studies of sedimentation, the term “hydraulic
equivalence” is used to describe the tendency of grains
of different minerals to be deposited together. The
origination of the concept of hydraulic equivalence
generally is attributed to Rubey (1933a) and Ritten-
house (1943). Rubey used the idea of equal fall veloc-
ities to calculate the size distributions of magnetite
and tourmaline which theoretically would be deposited
with the different sizes of quartz. Rittenhouse formal-
ly defined hydraulic equivalence as the concept that a
given set of hydraulic conditions will permit deposition
of grains of equivalent hydraulic value. Although both
Rubey and Rittenhouse pointed out that many factors
in addition to fall velocity are important in determin-
ing the sizes of different minerals deposited together,
the concept of hydraulic equivalence gradually has
assumed the connotation that grains having equal fall
velocity tend to be of equivalent hydraulic value.

It is recognized (Simons and Richardson, 1966)
that fall velocity is one of the principal variables in
determining the behavior of fluvial sediments. How-
ever, mineral grains undergo many cycles of deposition
and reentrainment before becoming a part of an
alluvial, estuarine, or littoral deposit, and particles
deposited together may not be reentrained necessarily
together. Thus, downstream deposits will differ from

source materials as a function of the deposition and
reentrainment processes.

The question of the fall velocities of quartz grains
and equivalent grains of heavier minerals in quiescent
water has been considered by Tourtelot (1968) as a
means of estimating the size of heavy minerals, includ-
ing gold, likely to be associated with quartz grains
of given sizes. In the present report, existing theory is
applied to the prediction of the fall velocities as wall
as the bed shear stresses necessary for reentrainment
of spherical grains of quartz, monazite, lead, and go'd.
These minerals were chosen to represent the range
of specific gravities of common fluvial sediments.

FALL VELOCITY

Many studies of fall velocity have been conducted,
and two of the more representative and well-knovn
studies are those of Rubey (1933b) and Report 12 of
the U.S. Interagency Committee on Water Resources
(1957). Rubey combined Stokes’ law and Newton’s
impact relation and derived an equation which gives
the fall velocity of a spherical grain as a function of
the specific gravity and diameter of the grain and the
specific gravity and viscosity of the fluid. In Report
12, extensive experimental fall-velocity data were used
to obtain a graphical relation between the dr~g
coefficient and the Reynolds number for grains of
different shapes.

Figure 1 shows fall velocities in distilled water at
20.0°C. for spherical grains of quartz, monazite, lead,
and gold computed from Rubey’s equation and also
from the drag coefficient—-Reynolds number relation of
Report 12. The two relations give identical results
below a grain diameter of about 0.25 millimeters k1t
conflicting results for larger diameters. The exact grain
diameter at which the divergence in results begins is
a function of the specific gravity, as is shown in
figure 1.
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Ficure 1.—Relation of fall velocity in water at 20°C to grain
diameter for spherical grains of quartz, monazite, lead, and
gold. Solid lines determined from relation given in Report 12
of the TU.S. Interagency Committee on Water Resources
(1957), and dashed lines determined from Rubey’s (1933b)
equation.

Because the relation from Report 12 is based on
extensive experimental data and because Rubey’s equa-
tion has never been verified extensively, it is believed
that the fall-velocity data calculated from the Report
12 relation are more reliable. Hence, the fall velocities
predicted by the Report 12 relation are used in the
remainder of this report.

The reason for the deviation of the fall velocities
predicted by Rubey’s equation from those predicted
by the drag coefficient-Reynolds number relation is
not known. However, Rubey’s equation was derived
for spheres, whereas it was verified with two types of
crushed grains whose fall velocities are known to devi-
ate from the fall-velocity relations for spherical
grains (Shultz and others, 1954). Blanchard (1967)
found that the fall velocity-specific gravity relation

SEDIMENTATION

predicted by Rubey’s equation agreed well with the
experimental fall-velocity data for spheres of different
specific gravities with fall velocities in water of up
to about 6 centimeters per second. For higher fall
velocities for the same spheres obtained by using a
fluid (acetone) with a viscosity less than that of
water, he found that the experimental fall velocities
were larger than the fall velocities predicted by
Rubey’s equation. Thus, the experimental results of
Blanchard support figure 1 in suggesting that Rubey’s
equation predicts fall velocities that are less than the
experimental values for fall velocities greater than
about 6 cm/sec.

REENTRAINMENT

To define exactly when a grain is reentrzined, one
must specify some measure of sediment motion. A grain
which is initially at rest on the bed may firs* oscillate
slightly about its position of rest, then the grain may
start to move along the bed and finally it may move by
saltation and become a part of the suspended load. The
complexity and the statistical nature of sedim=nt move-
ment are well recognized (Task Committee on Prepara-
tion of Sedimentation Manual, 1966).

A useful parameter for describing the rate of sedi-
ment transport has been given in slightly different forms
by Meyer-Peter and Muller, Einstein, and Bagnold
(Colby, 1964). This parameter, as presented by Einstein,
is

L pfpf) }TI')TS' , )
where y is a function for correlating the effe~t of flow
with the intensity of sediment transport, D is a charac-
teristic particle diameter, p; and p; are the mass densities
of the sediment and fluid, respectively, 2’ is that part of
the hydraulic radius attributed to grain resistance, and
S is the slope of the energy gradient which is commonly
taken as the slope of the water surface.

Shields (1936) presented a criterion for beginning of
motion which has become widely accepted. His cri-
terion is presented as a relation between a dimensionless
shear stress and a particle Reynolds number. The dimen-
sionless shear stress is

Te
R r=—rarTA ®
where 1, is the critical bed shear stress, ¢ is the gravi-
tational acceleration, and d, is the grain diameter.
The particle Reynolds number is

R =T @

where U, is the shear velocity or +/7jp, and » is the
kinematic viscosity of the fluid.
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Ficure 2.—Shields’ diagram showing relation between dimen-
sionless critical shear stress and particle Reynolds number.

Shields’ relation between the dimensionless critical
shear stress, r4, and the particle Reynolds number, &,
is shown in figure 2.

It can be shown that Shields’ dimensionless critical
shear stress, 74, has the same functional form as the
inverse of Einstein’s parameter y. While no quantita-
tive measure of reentrainment is available in the litera-
ture, one may assume that reentrainment should be a
function of the parameter r4. For the purpose of this
report it will be assumed that a grain which has
initiated motion has been reentrained. Shields’ rela-
tion is used to calculate critical shear stress as a func-
tion of grain diameter.

It is recognized that Shields’ criterion does not ap-
ply strictly to the smaller heavy-mineral grains among
the less dense, larger quartz grains because of the
hiding or shielding effect. Present theory, however,
does not permit an exact treatment of the shielding
problem, and Shields’ criterion is used as an approxi-
mation. Hand (1967) has discussed qualitatively the
problem of reentrainment of the grains of a heavy
mineral.

By a trial-and-error procedure, one may calculate
from Shields’ criterion the critical shear stress, =,, as a
function of grain diameter. The results of these cal-
culations for spherical grains of quartz, monazite, lead,
and gold in water at 20.0°C. are shown in figure 3.
The calculated results given in figure 3 show that for
a given grain diameter, the shear stress required to
initiate motion is directly related to the grain specific
gravity. Below a grain diameter of approximately 0.1
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FicURE 3.—Relation of critical shear stress in water at 20°C
to grain diameter for spherical grains of quartz, monazite,
lead, and gold.

mm, the critical shear stress is a function of specific
gravity only, whereas for grain diameters larger then
0.1 mm the critical shear stress is a function of grain
diameter as well as specific gravity.

RELATION BETWEEN CRITICAL SHEAR STRESS AND
FALL VELOCITY

If fall velocity is the sole criterion for hydraulic
equivalence, then specific gravity and shape variables
can be eliminated from consideration and miner~l
properties can be described entirely by a fall velocity
or a fall diameter. Figure 4, which was obtained from
figures 3 and 1, shows the computed relation betwen
critical shear stress and fall velocity for spheres of
quartz, monazite, lead, and gold in water at 20.0°C.
For fall velocities smaller than about 2 cm/sec, the
critical shear stress is dependent on specific gravity
but independent of fall velocity. For fall velociti~s
larger than 2 cm/sec, the critical shear stress is le<s
dependent on specific gravity and more dependent on
fall velocity. However, the critical shear stress b=-
comes independent of specific gravity only for fall
velocities larger than about 50 cm/sec.

CONCLUSIONS

1. Fall velocities calculated from the equation of
Rubey (1933b) are identical with the fall velocities
calculated from the drag coefficient-Reynolds number
relation of Report 12 up to a fall diameter of about
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F1cURE 4.—Relation of critical shear stress to fall velocity for
spherical grains of quartz, monazite, lead, and gold in water
at 20°C.

0.25 mm for quartz, 0.22 mm for monazite, 0.19 mm
for lead, and 0.13 mm for gold. For fall diameters
larger than these values, the fall velocities predicted
by Rubey’s equation are less than the fall velocities
calculated from the drag coefficient—Reynolds number
relation. It is recommended that the drag coefficient—
Reynolds number relation of Report 12 be used to de-
termine fall velocities because it is based on a large
amount of experimental data, whereas Rubey’s equation
has never been verified extensively.

2. Critical shear stresses calculated from Shields’
criterion indicate that the critical shear stress is a
function only of specific gravity for grains having
diameters less than about 0.1 mm, whereas for larger
grains the critical shear stress is a function of both
diameter and specific gravity. The ecritical shear stress
is a function only of specific gravity for fall velocities
less than about 2 em/sec, and is a function of both
specific gravity and fall velocity for larger fall veloci-
ties. The critical shear stress becomes independent of
specific gravity only for fall velocities larger than
about 50 cm/sec. Clonclusion 2 is a result of calcula-
tions based on available theory only, and experimental
verification is necessary.

3. Fall velocity is probably the most effective param-
eter for measuring the dynamic response of sediment

SEDIMENTATION

particles to hydraulic forces. However, it should be
noted that the description of the reentrainmert process
requires more complete descriptions of partizle prop-
erties than is provided by fall velocity alone. As a
minimum, the specific gravity and size of s. particle
must be specified. The mechanics of the sediment-trans-
port phenomena must be investigated to determine the
relations governing hydraulic equivalence with respect
to reentrainment. These relations, together with fall-
velocity relations, will provide a framework for defin-
ing an equivalent hydraulic value for partisles sub-
jected to a given set of bed and flow conditicns.
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Abstract.—Peat deposits on the tableland of Amchitka Island
contain 3 layers of volcanic ash, each about 1-2 em in thick-
ness. Radiocarbon dates of discrete plant stems from these ash
layers indicate that the age of the uppermost ash deposit is 725
+250 years B.P. The two lower ash layers lie about 7 em apart;
the average of their dates is 1,845 years B.P. The amount of
peat above the ash layers indicates that average rates of ac-
cumulation are approximately 0.2 cm/yr for fibrous to mucky
peat, and 0.052 cm/yr for the more completely humified and
compacted peat (muck). The total depth of peat at this loca-
tion (2.8 m) indicates that about 3,400 years was required for
the formation of this deposit. It is estimated, therefore, that
this tableland has borne a vegetation mantle no longer than
4,000 years.

Amchitka Island, the largest in the Rat Island group
(Aleutian Islands), has an area of 114.1 square miles
(Coats, 1956, p. 86), one-half of which is tableland of
several segments at different altitudes ranging from
about 135 to 500 feet (Powers and others, 1960, p. 526).
These segments are largely mantled with a mat of liv-
ing heath and bog vegetation which overlies deposits
of peat and muck that are as much as 3 meters thick.
Three layers of ash, each about 1-2 centimeters thick,
can be recognized in profiles of this organic deposit.
The vertical distance between the ash layers is pre-
sumed to relate to the rate of peat deposition at a par-
ticular site. Perennially frozen ground (permafrost)
has not been reported in the Aleutian Islands, and no
effects of cryogenic processes were evident in these peat
deposits on Amchitka Island.. There have been no vol-
canoes on this island since its emergence from the sea,
which was inferred by Powers, Coats, and Nelson
(1960, p. 550) to have been before late Pleistocene time.

The dating of these ash deposits allows one to deter-
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RADIOCARBON DATING OF ASH DEPOSI™S
ON AMCHITKA ISLAND, ALASKA
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mine the absolute and relative rates of peat deposition
under different types of vegetation. From these rates
the length of time that the present vegetation mantle
has existed on this island may be estimated.

Recently combined carbon is continuously introduced
into peat deposits through roots which grow downward
in successive seasons; therefore, samples that repre-
sent the total material in the deposit are unsatisfactory
for radiocarbon dating of the peat. In the peat profile
that was studied, living roots were found 0.5 m above
the bottom of the thick peat deposit. In addition, dovn-
ward migration of humic substances probably distrib-
utes recently combined atmospheric carbon through-
out the deposit. Carson (1968, p. 16) stated, “As 1is
well known, peats are among the more difficult organic
materials upon which to base C-14 interpretations. A n-
nual dilution produces material of composite age, in
both surface and buried mats.” Dates of peat samples,
therefore, ordinarily represent average ages of the or-
ganic matter in the samples, and are more recent than
the age of the oldest material in the sample.

Acknowledgments—This study was supported in
part by Advanced Research Projects Agency, Depart-
ment of Defense, under Order No. 938. James A. Erd-
man assisted in the collection and preparation of the
samples.

MATERIALS AND METHODS

Trenching on Amchitka Island at an altitude of
about 125 feet exposed the profile of a peat deposit 2.8
m thick which afforded an exceptionally good opp-r-
tunity to obtain, from the ash layers within the deposit,
samples of organic matter that were relatively free of
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Ficure 1.—Profile of a peat deposit on Amchitka Island,
Alaska, showing the location and dates of the ash layers
and the computed rates of peat deposition.

recent carbon contamination (fig. 1). This profile was
of a peat composed principally of sedges (Carex lyng-
byaei(?) and others), with some heath plants (mostly
crowberry, Empetrum nigrum) also present. The sedge
and crowberry stems were preserved as discrete plant
organs that could be separated from the humified struc-
tureless mucky material and living plant roots that
made up the greater part of the total deposit. These
stems grow only on or just above the surface of the
peat; for this reason it is known that the ash falls and
the plant tissues imbedded in them are contempora-
neous.

In February 1968, samples of these plant stems were
removed by hand sorting from the 3 ash layers, washed
to reduce gross contamination from humic materials,
sealed in polyethylene bags, and in March 1968, sent
to the U.S. Geological Survey’s radiocarbon laboratory
in Washington, D.C., for further processing and dat-
ing. Pretreatment of the stems was limited to a wash
in a warm dilute HCI solution in order to remove car-
bonates. The usual rigorous treatment in boiling acid
and alkali was eliminated because of the small size of
the samples. The samples were then converted to acety-
lene gas and counted for 1 day in each of two propor-
tional counters.

It should be noted that the two lower ash layers
(lower and middle layers, fig. 1) were located very
near each other, that the plant parts which were
sampled did not lie entirely in one plane, and that at
places it was impossible to determine to which ash
layer a stem should be assigned. For these reasons it
probably is best to consider the two lower samples as
one, and to average the dates of the two samples. The
time interval between the deposition of the upper and
the two lower ash layers is, therefore, the only reliable

GEOCHRONOLOGY

measure of the rate of humified peat deposition that was
obtained.

RESULTS

The age of the plant material in the upper ssh layer
(W-2131, fig. 1) was found to be 725250 years B.P.
(before present). The materials in the middle layer
(W-2130) and in the lower layer (W-212") were
1,950+250 and 1,740+250 years B.P., respectively.
These two latter dates are averaged as 1,845 years
B.P. in figure 1.

The top of the upper ash layer was 1.4 m below the
ground surface, and the peat in the part of tl'= profile
above the ash layer was reddish brown and fbrous at
upper levels, grading to dark-brown humified material
(muck) just above the ash layer. This peat had ac-
cumulated at the approximate average rate of 0.2 cen-
timeters/year. This rate of accumulation agrees well
with that of peat in the vicinity of Fairbanks. Alaska,
that was given by Heilman (1968, p. 336) as 0.25-0.38
em/yr. Carson (1968, p. 17) reported radiocarhon ages
of surface peats from the Barrow, Alaska, region to
range from 4,280+160 years B.P. for the bottom layer
of peat that was 10 inches thick to 395150 years B.P.
for peat 6 inches thick. An examination of the history
of these peat deposits suggests that reliable rates of
peat deposition in this region cannot be inferred from
these data.

The more completely humified and compacted peat
between the upper ash layer and the two lower ash
layers accumulated in approximately 1,100 ye~rs, or at
an average rate of about 0.052 cm/yr. The contrast be-
tween rates of accumulation of peat that is fibrous to
mucky, and that of more completely humifird muck,
gives some concept of the degree of compaction and the
loss of organic constituents by decomposition and
leaching in lower layers of a peat deposit in the Aleu-
tian Islands climate, if it is assumed that the deposi-
tion of organic matter on the ground surface occurred
at a rather uniform rate.

About 80 cm of humified peat lay below the lower
ash layer in the profile. If this layer of pest accum-
ulated at the same rate as that described above (0.052
em/yr), approximately 1,560 years was required for
this layer to form. Thus, the estimated age of the
lowermost peat in the profile is about 3,400 years. It
seems likely, therefore, that the low plateau~ of Am-
chitka Island have borne a vegetation mantle no longer
than 4,000 years.

All profiles of the peat mantle that were examined
on the low plateaus contained the three ash leyers. The
distance between the upper and the middle ash layers
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in peat that was formed under the crowberry-moss-
lichen heath indicates that this peat accumulates at
about half the rate of that formed under sedge mead-
ows. This difference in rate may be a measure of the
difference in biomass productivity of the two plant
communities, or it may only indicate that sedge-peat
deposits, because of their wetter habitat, are less
affected by erosion and oxidation processes.

The source of the ash that formed the three strata
was not determined. These ash falls antedate the his-
torical record of voleamic activity in the Aleutian
Islands that was reported by Powers (1958, p. 64-67).
Recorded activity of volcanoes on Semisopochnoi,
Lattle Sitkin, and Kiska Islands, which are about 36,
40, and 75 miles distant, respectively, from the study
site on Amchitka Island, suggests that any or all of

AND RUBIN B3

these volcanic islands may have been the source of the
ash layers in the peat profile that was studied.
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THE AGES OF THREE URANIUM MINERALS, MOJAVE DESERT, CALIFORNIA

By D. F. HEWETT, JEROME STONE,! and LORIN R. STIEFF *

Menlo Park, Calif.

Abstract.—The Mojave Desert region of southeastern Calif-
ornia contains many coarse-grained quartz monzonite intru-
sions whose ages are important to the understanding of the re-
gion’s geologic history. Betafite from one pegmatite and poly-
crase from another indicate ages that may range from 72 to
80 m.y., or the Late Cretaceous. Uraninite has been found in a
crushed zone in quartzite about 21 miles southeast of Twenty-
nine Palms.

During the post-World War II years of 1945-1955,
when the search for uranium was intense, many per-
sons from the Los Angeles area explored the Mojave
Desert for deposits of radioactive minerals. Both
thorium- and uranium-bearing minerals were found in
many localities, and D. F. Hewett made numerous
field trips from Los Angeles to examine the discover-
ies. By far the greater number of deposits contained
thorium-bearing minerals, such as monazite, allanite,
and cyrtolite, but in a few places, uranium-bearing
minerals were found. It seemed advisable to collect
and study these radioactive minerals in the hope that
the contained uranium would permit the determination
of their ages and that these ages would contribute to
knowledge of the geologic history of the region.

In February 1950, betafite was identified in a peg-
matite dike in the Cady Mountains, and enough was
recovered to permit the determination of the isotopes
of its contained lead as well as its uranium and
thorium content. Its Pb2¢/U%® age was calculated as
155 million years (Hewett and Glass, 1953). Soon
thereafter, euxenite was found in the Pomona Tile
quarry, about 40 miles southwest of the Cady Moun-
tains. Even though sufficient euxenite was recovered
for a spectrographic analysis, there was not enough
for the determination of the isotopes of lead and
uranium. From the content of the total lead, uranium,

> Present address: New York, N.Y.; formerly of the U.S. Geological
Survey.

2 Present address: U.S. Department of State, Arms Control Agency,
Washington, D.C.; formerly of the U.S. Geological Survey.
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and thorium, the age was estimated at about 150 m.y.
It was recognized in 1953 that neither estimate of the
age was satisfactory.

In December 1955, Harry T. Heather, of P~sadena,
Calif., brought Hewett specimens of highly radio-
active rock in which the presence of betafite was
readily proven. The specimens came from a peg-
matite dike near Marl Spring, about 20 miles east of
Baker, Calif., and the deposit was examined in Decem-
ber 1955 and March 1956. In January 1956. Pierre
George, an amateur collector of minerals in San
Gabriel, brought Hewett specimens of a uranium min-
eral, identified as polycrase, that he had collected from
a pegmatite dike near Pearblossom, Calif.; the dike
was examined soon thereafter. The Ram uranium
deposit was brought to the attention of Hewett in
1956 by Cornelius Willis of Los Angeles, vho was
exploring it at the time.

Acknowledgments. — In recent years the positive
determination of minerals and their constituent ele-
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the study of the minerals at the three localities in the
Mojave Desert here described, several person<. all of
the U.S. Geological Survey, have contribut>d their
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supervised by Lorin R. Stieff, aided from time to time
by Thomas W. Stern.

MARL SPRING PEGMATITE

Location and accessibility

The source of the betafite and associated minerals
is a pegmatite dike that crops out near Marl Spring
about 10 miles southwest of the crest of Cima Dome,
a conspicuous topographic feature in the southwest
quarter of the Ivanpah quadrangle. The dike lies
near the southern border of sec. 26, T. 13 S, R. 12 E.,
San Bernardino meridian, San Bernardino County.

Local geology

The pegmatite dike lies within an area of coarse-
grained intrusive rock that has been called the Teu-
tonia Quartz Monzonite (Hewett, 1956). This rock
crops out over much of Cima Dome as well as a large
surrounding area. As the result of study and geologic
mapping of a large area, it is clear that the quartz
monzonite was intruded into the highly folded and
faulted Paleozoic rocks of the area, late in the epoch
of orogeny that has been interpreted as Laramide. In
the Cima Dome area, the quartz monzonite is a gray
holocrystalline rock that shows conspicuous pheno-
crysts of pale-reddish orthoclase in a finer grained
groundmass of white plagioclase and quartz. The only
dark minerals are biotite and magnetite. In this gen-
eral area, thin aplite dikes, rarely more than 6 inches
thick, are widespread, but pegmatite dikes are very
uncommon.

The presence of the pegmatite dike is indicated by
abundant float of gray quartz and pale-reddish feld-
spar within an area about 20 by 30 feet. The southern
border zone is shown in a pit about 5 feet in diameter,
but the true shape and extent of the dike are not
revealed. In the trench, the contact between the dike
and the enclosing quartz monzonite is a plane that
strikes N. 80° W. and dips 60° S. From this it appears
that the dike is a lens that trends west and dips steeply
south. At the outcrop, gray quartz seems to form about
two-thirds of the dike and the remaining one-third
is formed of isolated lenses of reddish microcline. In
the trench a border zone about 12 inches thick adjacent
to the monozonite is an intimate mixture of white
albite, pale-reddish microcline, and gray quartz. It
appears that this zone was originally a fine-grained
mixture of microcline and quartz and that the micro-
cline has been largely replaced by albite. The zone
also contains large plates of biotite, which are not
present in the unaltered pegmatite.
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Minerals

An uncommon assemblage of minerals occurs locally
in the reddish microcline, generally near the contact
with the enclosing gray quartz. In places these min-
erals are entirely in the microcline, but nearby they
partly line drusy cavities along its contact with the
quartz.

Magnetite and ilmenite form thin plates as much as
3 inches long and 14 inch thick that cut through the
microcline in diverse directions. The habit of theve
minerals is the same as that in the Pomona Tile
quarry (Hewett and Glass, 1953), where the plates
are thicker and longer. As at the Pomona Tile quarry,
the uranium minerals—euxenite at the Pomona Tile
quarry and betafite at the Marl Spring pegmatite-—
form grains and small crystals distributed sporadi~-
ally along the plates of magnetite and ilmenite.

Allanite forms well-terminated crystals 14 to 1 inch
long in drusy cavities and embedded in the microcline
near intersections of the plates of magnetite and ilmen-
ite. The mineral has been identified by its optical
properties, by its crystal form, by X-ray diffracticn
analysis by Daphne Ross, and by the following spe--
trographic analysis by Katherine E. Valentine:

Percentage Hilement
More than 10 Fe, Si
5 to 10 - Ca, Ce
1tob - Al, La, Th, Mg, Mn
05 to 1 - Na, Ti, Pr
0.1 to 0.5 —_—_ As,B,Na, Y

One crystal of allanite is partly replaced by bastnae-
site; its identification is based upon X-ray diffracticn
analysis made by Samuel Rubenstein.

Crystals of cyrtolite (a metamict variety of zircon
containing thorium) that rarely exceed 1 millimeter
in diameter are persistently associated with the plates
of magnetite and ilmenite; the identification was con-
firmed by X-ray analysis made by Samuel Rubenstein
of material that had been heated.

Most of the betafite forms irregularly shaped grair<
several millimeters in diameter, distributed along tke
plates of magnetite and ilmenite and at their intersec-
tions; a few grains are isolated in the midst of the
microcline. Several terminated octahedrons, one an
inch in largest diameter, have been recovered from
drusy cavities. The color of the betafite ranges from
yellowish brown to dark brown; it shows adamantire
luster on conchoidal fractures. By sorting, screening,
and panning the finer material from the trench, abort
25 grams of betafite was recovered; this was used fc~
the isotopic age determinations.

The identification is based on the crystal form, X-ray
diffraction analysis of both the natural material and
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that after ignition, and by semiquantitative spectro-
graphic analysis. By X-ray analysis the natural mate-
rial yielded no pattern, but after heating it yielded
“a cublic pattern, with the spacings slightly larger
than those of polycrase” (Evelyn C. Mertie, written
commun.). The composition determined by spectro-
graphic analysis, by Katherine E. Valentine, is close
to that of betafite:

Percentage Element

More than 10.___.__. U, Nb

510 10 oo Ti

105 oo Ca, Th, Y

0.5 to 1

01 t0 05 oo Al, Ce, Dy, Er, Fe, Gd, Nd, Pb,
Sm, Yb

005 o Zr

0.01 to 0.05 __________ Ho, Lu, Mn, Mg, Sr, Tm

0.005 to 0.01

0.001 to 0.005 - Ba, Sc

0.0001 to 0.0005 _____. Be

By panning the fine-grained material from the
trench, three brown crystals as much as 3 mm in
diameter were recovered. The material is metamict;
but, after heating, the crystals were identified as
fergusonite by X-ray analysis made by Samuel Ruben-
stein. A spectrographic analysis, by Katherine E.
Valentine, follows:

Percentage Element
More than 10 —_______ Nb
1tod0 o Ca, Fe, Hr, Gd, Ta, Th, U, Y, Si
0ltod . Dy, Ho, Lu, Mg, Na, Ti, Yb

PEARBLOSSOM PEGMATITE

Location and accessibility

The Pearblossom pegmatite dike crops out on the
north side of an isolated low hill on the southern
border of Antelope Valley, where the valley merges
with the limiting ridges of the San Gabriel Moun-
tains, Los Angeles County, Calif. The hill lies in the
SW1, sec. 30, T. 5 N., R. 9 W., San Bernardino meri-
dian, about 500 feet north of the Pearblossom High-
way and about 1 mile southeast of the settlement of
Pearblossom.

The lone hill lies within the area of the Valyermo
quadrangle, which has been closely studied and geo-
logically mapped by L. F. Noble (1954). According to
Noble, the high part of the hill is composed of coarse
gabbro of Jurassic(?) age that has been intruded
by the Holcomb Quartz Monzonite, which he con-
sidered of Cretaceous(?) age. The contact between the
monzonite below and the gabbro above is well exposed
on the south slope of the hill, and the pegmatite dike
extends upward from the monzonite through the gab-
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bro so that it is revealed as a light-colored reef across
the crest of the hill.

The pegmatite dike has been explored by a single
shallow trench at the north edge of the hill. Iere the
dike is about 10 feet wide and dips west at akout 45°.
The rock is in part a coarsely granular and in part a
finely granular mixture of pale-reddish microcline and
gray quartz; it shows sporadic zones of white rock
that is a mixture of albite and quartz. A traverse over
the hill with a Geiger counter shows that tte radio-
activity of the gabbro is not significant but that the
dike is slightly radioactive throughout its ertent.

Minerals

Ilmenite is the most abundant dark mineral. It forms
plates as much as 2 inches long and 14 inch thick,
largely in the microline near its contact with masses
of quartz. As at Marl Spring and the Pomona Tile
quarry, the uranium-bearing minerals, grains, end crys-
tals are concentrated along these plates of ilmenite.
A little magnetite is present near the ilmenite.

Allanite forms small plates rather than crystals near
the ilmenite plates. The mineral was determined by its
optical properties and behavior before the hHowpipe.

Biotite in plates as much as an inch in dismeter is
distributed sporadically in the feldspar-quartz rock.

Polycrase commonly forms aggregates of plates of
rectangular outline either adjacent to or near the
plates of ilmenite; the plates commonly rang= from 2
to 5 mm in longest diameter. The color is largely olive
green. Some plates are cut by thin veinlets of a pale-
yellow mineral whose nature has not been determined.
About 20 g of the mineral has been recovered.

The identity of the polycrase is based on crystal
form and on the following semiquantitative spectro-
graphic analysis, made by Katherine E. Valentine:

Percentage Element
More than 10 e U, Nb
51010 o ™
1105 e Ca, Th
05tol
01t005 oo Ba, Ce, Fe, Nd, Pb, 8i, Y
0.05 t0 01 oo Al; Dy, Gd, Sm
0.01 to 0.05 e Cu, Br, La, Lu, Mn, Sr, T, Yb,
Zr
0.005 t0 0.01 ~———cme Mg
0.001 to 0.005 ——.-—_—_ Ho, Sc
0.0005 to 0.001 _ .- Ag
0.0001 to 0.0005 _._.-- Be

RAM URANIUM DEPOSIT

Location and accessibility
In 1955 uraninite was discovered in the fonthills on
the northern border of the Pinto Mountains, Riverside
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TABLE 1.—Lead, uranitum, and thorium concentrations, and isotopic lead composition of three uranium minerals from the Mojave Descrt,

Calif.
Samplo and location Concentration (percent) Abundance of lead isotopes (atom percent)
Pb! U: Th PD 204 Pb 208 Pb 207 Pb ¢
Betafite, GS-505; Marl Spring___ ________________ 0. 30 18. 35 2. 80 0.411 72. 53 9. 30 417.75
Polycrase, GS-506; Pearblossom______________ . . 157 14. 25 2.94 . 039 87. 42 4. 86 17.€9
Uraninite, GS—531 Ram mine, Pinto Mountains_ _ 1. 83 44 . 95. 085 4. 736 5,177

1J, J, Warr, analyst, U.S. Geological Survey.
2 Grafton J’ Dame].s analyst, U.8. Geologlca.l Survey.
3 Frank Cuttitta, analyst. U.8. Geological Survey.

County, Calif. The deposit was explored vigorously
during 1956-57, but the quantity recovered did not
prove large enough to warrant a commercial operation.
The deposit is reached by driving 10 miles eastward
from the center of the town of Twentynine Palms to
a fork where the main road continues to the east. At
this point one turns right onto the less traveled road.
About 4 miles southeast of the fork, the road enters
a canyon and continues 7 miles farther to the Ram
mine. Most of the explorations lie along the ridge east of
the canyon, but there are several trenches west of it.

Local geology

The prevailing rock within 1 mile of the deposit is
gray quartzite whose bedding is difficult to determine.
Several small lenses of dark intrusive rock, which may
be sills, crop out near the deposit, but they may be
dikes in faults. Probably the quartzite is Precambrian,
as are most of the rocks that underlie the Pinto Moun-
tains farther west.

Minerals

Uraninite forms nearly pure masses of highly irreg-
ular shapes that weight as much as several pounds.
These masses”are rough lenses and pipelike bodies
that are disposed in a highly erratic manner along
walls that lie within a broad zone of crushed quartzite.
This zone of crushed quartzite is as wide as 50 feet,
but definite limiting walls are lacking. In March 1956,
the uraninite exposed in the trenches was seen to be
concentrated, but very irregularly distributed, along
ill-defined curved walls within the crushed quartzite.
Polished specimens show that the uraninite has partly

4 Maryse Delevaux, analyst, U.S. Geological Survey.
5 Mass Assay Laboratory, Y-12 Plant, Oak Ridge. Tenn.

replaced the quartzite and partly filled open spaces
between the fragments.

The identity of the uraninite has been proven both by
X-ray diffraction and by a semiquantitative spectro-
graphic analysis, by Katherine E. Valentine, as fol-
lows:

Percentage Hlement
More than 10 - U
1 - Si, Cu
03to1 ____ Ca, Pb, Sr
0.1 to 0.3 —— Al, Fe
0.05 to 0.1 ______ _— —— ——— Be, Se¢

At every place examined, the uraninite is surrounded
by a layer of yellow and orange oxides of uranium.
In the one sample analyzed by X-ray diffraction, the
presence of uranophane was determined; but otler
oxides are probably present.

Small amounts of green copper minerals are persi-t-
ently associated with the uranium minerals. Only chry-
socolla was identified.

AGE CALCULATIONS

The quantitative data on the concentrations of I’b,
U, and Th, in percentage, and the atom percent abun-
dance of the lead extracted from the betafite, polycrase,
and uraninite are given in table 1.

The ages in millions of years given in table 2 were
calculated by using the procedures and constants given
in the tables of Stieff and others (1959).

In the isotopic analysis of the Cima Dome betafite
(GS-505), only about 2 micrograms of lead was
available. The impossibly young Pb2?/Pb** sge

TABLE 2.—Lead-uranium and lead-thorium ages, in millions of years, of three uranium minerals from the Mojave Desert, Calif.

Sample and location Index of Ph2es/ s Pb27/U=%s Ph27/Ph20e Pb28/Th»2
common lead !
Betafite GS-505; Marl Spring_ . ___ _________________.___ Pbav 80 76 (Impossi)bly 52
young
Polycrase, GS-506; Pearblossom.______________________ Phz4 72 75 161 85
Uraninite, GS-531; Ram mine, Pinto Mountains________ Ph2s 175 175 178 -

1 The isotopic abundance of the common lead used in the caleulations is Pb24, 1.369; Pb2%, 25.20; Pb27, 21.26; and Pb2%, 52.20, from Nier’s (1938, table 1) analysis of wulfenite

and vanadinite, Tucson Mountains, Ariz.
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(Pb?7/Pb?°¢ value of 0.0449) appears to be related to
the small amount of lead recovered for mass spectro-
metric analyses and is probably due to a small error
in the determination of the isotope, Pb2%.

In the isotopic analysis of the lead from the Ram
mine (GS-531) Pb** was not detected. The absence
of Th in this uraninite permitted the use of Pb*® as
the index isotope in the age calculation. The highly
concordant Pb2¢/U=s, Pb27/172%5, and Pb*7/Pb**
ages at 175 m.y. suggest that this procedure was justi-
fied.

CONCLUSIONS

This investigation may be regarded as a contribu-
tion to the ages of two bodies of quartz monzonite in
the Mojave Desert—the Teutonia Quartz Monzonite
body underlying Cima Dome and the Holcomb Quartz
Monzonite near Pearblossom, 140 miles southwest.
The ratios of the isotopes of lead and uranium indi-
cate that both bodies were intruded in Late Cretaceous
time.

R

GEOCHRONOLOGY

The uraninite from the Ram mine (GS-531) is
clearly deposited in a zone of crushed rock by hydro-
thermal solutions and at a time much younger than the
host rock. The ratios of the lead uranium isotcves indi-
cate an age of 175 to 178 m.y. (Early Jurassic), but
the host is much older, undoubtedly Precamktrian.
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THE TIME INTERVAL BETWEEN STABILIZATION OF ALPINE
GLACIAL DEPOSITS AND ESTABLISHMENT OF TREE SEEDLINGS

By ROBERT S. SIGAFOOS and E. L. HENDRICKS, Washington, D.C.

Abstract.—Determining the age of the oldest tree growing on
a recent deposit can be a reliable technique for estimating the
age of the deposit. The main source of error in such an age
estimate is the interval between stabilization of the deposit
and germination of tree seedlings. The availability of seed,
the presence of a seedbed of fine-grained material, and a favor-
able climate are the principal controls in the establishment of
trees. These conditions are met in wvalley bottoms at Mount
Rainier, Wash., where tree ages were compared with known
ages of recently deposited moraines. Based on ages of more
than 150 trees growing on surfaces of known age, the interval
between sediment stabilization and tree seed germination is
estimated to be 5 years for bottomland sites at Mount Rainier.
Dating of a recently deposited pumice layer and determining
the ages of trees growing on an underlying moraine near tim-
berline show that the interval is longer at high altitudes than
at lower altitudes.

Many geographical studies in hydrology, botany,
and geology require the relative dating of landforms
and deposits. Use of radiocarbon dating for many years
has provided a wealth of age information. Owing to
its limitations, however, the radiocarbon method can
be used only to determine the age of deposits ranging
from a few hundred years to a few tens of thousands
of years. In the age determination of young deposits,
the inherent error of this method is so large that close
determination of their age is not feasible. The age of
such young deposits can, however, be determined by
botanical methods based on tree ages, and it is our
objective here to summarize these methods.

An estimate of the age of a young deposits, then,
rests primarily upon the age of the oldest tree grow-
ing on the deposit plus the interval between stabiliza-
tion of the surface and germination of the tree seed-
ling. The age of the tree is approximated by counting
the annual growth rings in a section cut from the base
of the trunk or, more often, by counting the rings in
a core sample taken from the tree. The time required
for the tree to grow to the height from which the
sample was taken is another unknown interval in deter-

mining the absolute tree age. This interval can be mini-
mized in trees no larger than 1.5 feet in diameter and
no more than 200 years old by angling the sampling
tool (increment borer) downward toward the trunk
center., The innermost part of the sample, then, is
close to ground level and either includes or is close
to the first year’s growth ring.

A main source of error in estimating the age of a
deposit from tree ages is the interval between stabili-
zation of the deposit and growth of tree seedlings. We
in‘end to show that this interval is different in differ-
ent places and that several conditions affect the ger-
mination of seed. Our data were collected at Mount
Rainier, Wash. (fig. 1), in connection with a larger
study of the history of alpine glacier activity (Siga-
foos and Hendricks, 1961), and conclusions drawn
apply only to Mount Rainier and the species studied.

CONDITIONS FOR SEEDLING ESTABLISHMENT

The primary control in the establishment of se~d-
lings on a newly formed surface is the existence of a
seed source close enough to provide a large volume of
seed. How large this volume must be is not known.
Regarding distances of dispersal, studies by the U.S.
Forest Service of natural seeding in logged treots
have shown that seed of the same tree species that
are abundant at Mount Rainier travel from 400 to
3,800 feet from the source (Division of Timber Man-
agement Research, 1965, p. 27, 82, 549, 688, 719). Seed
of Douglas fir and noble fir travel farthest, and that of
western red cedar and Pacific silver fir the shortest
distance. These Forest Service data on seed dispersal
suggest that the young moraines studied are well sp-
plied with seed, because the moraines are in bottoms
of valleys whose slopes are densely forested with ma-
ture trees. The distances between the sites studied and
the mature, seed-producing forests range from about
250 feet at the Carbon Glacier moraines to a maximum
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F16URE 1.—Index map of Mount Rainier, Wash.

of about 1,000 feet at the Emmons Glacier moraines.
The sites are, therefore, well within the measured
distances that seed of Mount Rainier tree species will
travel and are at lower altitudes than the seed source,
so that sufficient quantities of seed are surely available
to provide ample regeneration.

A second control is the existence of an adequate
seedbed in which the seed can germinate. The char-
acteristics of an adequate seedbed are not completely

known, and certainly they differ for different species.
One requirement is a fine granular material which will
retain moisture. An adequate seedbed is lacking on
moraines or parts of moraines that are compo-ed solely
of rock fragments several inches in diameter and
larger.

Climate is the third control that affects serd germi-
nation. The length of the growing season, night tem-
peratures, surface soil temperatures, soil moisture, and
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snow-free period are among the elements believed to
be most significant. Timberline at Mount Rainier
ranges from 5,500 to 6,000 feet in altitude. At the
valley-bottom sites between altitudes of 3,000 and 4,800
feet the presence of dense forests on surrounding slopes
is positive evidence that the climate is most favorable
for tree growth. Tree seedlings, here, become estab-
lished as soon as the surface is stable.

In the timberline zone, however, seedlings may not
become established and survive as soon as a surface is
physically favorable because the harsh subalpine
environment inhibits seed germination. Also, in this
zone older seed trees of subalpine fir and mountain
hemlock grow as widely scattered individuals and in
patches; thus the quantity of seed disseminated to the
new surfaces is small. Good seed crops can be expected
only once in 3 years on the most favorable sites for
subalpine fir (Division of Timber Management Re-
search, 1965, p. 39) and once every few years for
mountain hemlock (p. 713). The establishment of seed-
lings of these species requires precise climatic condi-
tions and a good seed crop combined at a place which
is favorable for germination. The frequency of coin-
cidence of adequate climate and a heavy seed crop is
probably not high. This combination of conditions
apparently does not occur frequently at timberline.

CALCULATION OF INTERVAL BETWEEN SURFACE
STABILIZATION AND SEED GERMINATION

The use of tree ages to estimate the age of surfaces
has required attempts to determine the interval between
surface stabilization and seed germination. This germi-
nation interval is calculated by sampling trees grow-
ing on surfaces whose age is known from other evi-
dence. Intervals of 5 to 15 years seem reasonable.
Intervals reported range from 5 years in southeastern
Alaska (Lawrence, 1958, p. 96) to 12 years at lower
altitudes of the Olympic Mountains, Wash. (Heusser,
1957, p. 144) and to 10 to 17 years in the Canadian
Rockies (Heusser and others, 1954, p. 227). The inter-
vals before seedlings become established may, however,
be longer elsewhere. Bray and Struik (1963, p. 1256—
1257) and Bray (1964), use an interval of 28 years
and believe that the first seedlings to grow do not sur-
vive on the Canadian Glacier moraines that they
studied. In his study of Nisqually Glacier moraines,
Harrison (1956, p. 681-682) used both a 50- and a
30-year interval.

Our studies show that the interval differs consider-
ably over short distances, depending upon local con-
ditions. In the course of studying recent moraines at
Mount Rainier we sampled more than 150 seedlings
and saplings in 6 areas where the age of the surface

328-687 0—69——7
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was known from other evidence. The data are sum-
marized in table 1. Some surfaces were known to have
been covered with glacier ice during certain years,
others were flood deposits of known occurrence;
another was a roadcut on Mount St. Helens, about 59
miles southwest of Mount Rainier.

Germination on recently deposited glacial till and
melt-water deposits below Nisqually and Emmon~
Glaciers and on flood deposits in other valleys of
Mount Rainier was discussed previously (Sigafoos and
Hendricks, 1961, p. A11-A13) and will only be sum-
marized here. Seedlings were growing in fine silt-
sand 2,000 to 3,000 feet below timberline in the bot-
toms of Nisqually and White River valleys, the side~
of which are heavily forested. The seed supply at thes=
sites is ample because Nisqually River valley is within
750 feet horizontally from old-growth forest and White
River valley is within 1,000 feet. In Nisqually Rive-
valley, tree seedlings started to grow 2 to 13 year<
after ice is known to have covered the site, whereas in
White River valley they started 1 to 10 years after
the disappearance of the ice. Floods and debris flows
have buried parts of several valleys beneath sand and
gravel, and seedlings and saplings are growing on
these young deposits. A debris flow in the Kautz
Creek valley on October 2, 1947, deposited silt, sand.
and boulders over a broad area near the mouth of the
valley. Our study indicates that they started to grow
from 1 to 12 years later. This valley is bordered by
dense old-growth forest and lies at altitudes between
2,300 and 2,500 feet. Seedlings started to grow on fine-
grained flood-deposited material 1 to 2 years after a
flood on Nisqually River on October 25, 1955.

Tree seedlings were sampled along the Carbon Rive-
where silt and sand was deposited in the forest during
a flood on November 22, 1959, Of the 8 sampled trees.
7 started to grow the following summer and 1 started
to grow in 1961. Here, too, the surrounding fores*
insured an ample seed supply and the climate is favor-
able because of the relatively low altitude of 2,900 feet.

Seedlings on a highway embankment on Mount
St. Helens started to grow during the first summer
after the grading was completed in 1962. The site i~
about 3,400 feet in altitude, about 2,000 to 2,500 fee*
lower than timberline and is underlain by pea-sized
pumice and silt and fine sand-sized material.

Young trees growing in the area where seedlingr
were sampled along Kautz Creek have been observed
annually from the date of the initial sampling, July
1958, through September 1968. They show no signs of
dying and appear, on the contrary, to be growing well.
If it were true that the first seedlings did not survive.
then along a transect across progressively older sur-
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TABLE 1.—Summary of data and computed interval belween time of ground stabilization and seed germination in areas of known history

Altitude Number Year of seed Yearofground Tim? Average
Area (feet) sampled Species germination stabilization interval interval
(vears)  (years)
Nisqually Glacier moraines...____ 4:12086 22 Hemlock, Douglas fir, and willow__ 1933-1958 1931-1956 2-13 7
6
t
Nisqually River flood-plain 3,900 Many D%ugla,ss fir, hemlock, and noble  1956-1957 1956 <1-1 1
eposits. I,
Kautl,)z Creek debris-flow deposits__ 2, 500 7 Alder_ . ________________________ 1948-1958 1947 1-11 6
4 Cottonwood___ . _______________ 1948-1958 1947 1-11 6
4 Willow______.___________________ 1955-1957 1947 8-10 9
7 Hemlock___ . ________________ 1949-1957 1947 2-10 6
7 Redecedar__._.________.__________ 1952-1959 1947 5-12 7
6 Douglasfir..__________________. 1948-1952 1947 1-5 4
4 Whitepine.___________________ 1952-1954 1947 5-7 6
1 Noblefir. . .. 1954 1947 7 7
Total oo 40
AVeTage e e 6
Emmons Glacier moraines._ . ______ 4, 800- 37 Engelmann spruce_______________ 1902-1956 1900-1955 1-25 4
X 9 Alpinefir ______________________ 1934-1947 1900-1945 2-30 4
7 Mountain hemloek . __________ 1936-1956 1895-1950 6-41 9
2 Douglasfir. . _.________________ 1943-1944 1903-1914 3040 35
1 Lodgepole pine__________________ 1953 1948 5 5
1 Hemloek._____ . _________ 1948 1938 10 10
Total - . o . 57
AVerage el 6
Carbon River flood deposits_..____ 2, 900 4 Douglas firo ____________________ 1960-1961 1959 <1-1 1
2 Redeedar.______ . ___________ 1960 1959 <1 <1
2 Noblefir_ . ______________ 1960-1961 1959 <1-1 <1
Total .. - 8
Average e 1
Mount St. Helens road embank- 3, 400 15 Douglas fir and hemloek__._______ 1963 1962 1 1
ment.
Total. oo e >142
AV . 5

faces, one would expect to find zones of dead seedlings
or saplings, which we have not found below three
glaciers.

On the basis of this evidence (table 1) we add an
interval of 5 years to the number of rings counted for
dating moraines below altitudes of 4,800 feet at Mount
Rainier. This figure is subtracted from the sampling
year; and the result, rounded to the next oldest 5 years,
yields the approximate calendar date of recession of
the ice from the sampling site.

We assume that the interval at the start of glacial
recession in the mid-19th century was the same as that
of the last 25 years for valley-bottom sites. The glaciers
started to recede probably because of an amelioration
of climate which probably favored seed production and
germination. That the more rigorous climate that may
have prevailed during glacier advances did not ad-
versely affect trees bordering the ice is evidenced by
their presence on these sites now. If the climate during
a glacial advance had had an adverse effect upon tree
growth, a consistent pattern of slower growth among
trees close to the glaciers should be expected. Cores
taken from 114 such trees failed to show a pattern of
growth consistent with that expectation.

The recognition of a deposit, pumice layer X, on
young surfaces on the flanks of Mount Rainier, Wash.,

erupted during the 19th century (Mullineaux and
others, 1969) (p. B15-B18, this chapter), permits the
determination of the germination interval at places
where no other evidence of the surface age is available.
The pumice, sparsely distributed on the northeast side
of the mountain, occurs within the area of an older
but lithologically similar pumice from which it cannot
be distinguished. The younger pumice can be recog-
nized only by its presence on surfaces formed after the
older pumice was deposited. Close dating of morainal
ridges in a complex of Emmons Glacier end moraines
permitted the pumice eruption to be limited between
the dates of 1820 and 1854 (Mullineaux and others,
1969) (p. B15-B18, this chapter).

At altitudes near timberline the germination inter-
val may very well be much longer than it ic at lower
elevations as shown by tree ages on a young mor-
aine below OQhanapecosh Glacier (fig. 1) betveen 5,600
and 5,900 feet in altitude. Pumice layer X is present
on some of these moraines. The oldest of 10 trees cored
on one moraine on which was found pumic layer X,
which must have been formed before 18{4, was 3
inches tall in 1878, proving the interval before germi-
nation of this tree to be at least 23 years.

If it is assumed that the oldest tree sampled on the
Ohanapecosh Glacier moraine represents one of the
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first to become established after the moraine became
stabilized, then the long interval at Ohanapecosh
Glacier must be attributed to the harsh subalpine en-
vironment in the vicinity of the moraine. Late-lasting
snow, a short growing season, and low night tempera-
tures inhibit germination of seedlings of subalpine
fir and mountain hemlock, the two tree species that
grow here.

An older moraine, bare of trees and other plants, lies
just downvalley from the moraine upon which the A.D.
1878 tree is growing. This moraine consists solely of
boulders ranging from less than 1 foot to 10 feet in
diameter and lacks fine material. Even though it has
been stable longer than the younger moraine upvalley,
tree seed cannot germinate on it because of the lack
of a seedbed.

The longer interval inferred for the high-altitude
site at Ohanapecosh Glacier may be true for other
similar sites. The oldest trees on a moraine on the east
side of Emerald Ridge, between 5,000 and 5,500 feet
altitude, for example, were 6 inches tall in 1857, where-
as the oldest trees are 10 to 15 years older on the same
moraine about half a mile southeastward and about
1,200 feet lower in altitude. At Emerald Ridge, we
have no evidence other than the tree ages as to when
ice receded from the moraine, and can only propose
that the two parts of the moraine are the same age.

The possible reasons for discrepancies among ger-
mination intervals in different areas may lie in differ-
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ent combinations of controls in the establishment of
seedlings. The different intervals found in different
areas emphasize the need to determine the intervals
in each region.
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DISTRIBUTION OF MERCURY IN THE NAVAJO SANDSTONE,

COLORADO PLATEAU REGION

By R. A. CADIGAN, Denver, Colo.

Abstract.—Mercury values in the Navajo Sandstone vary
regionally in a nonrandom pattern. The pattern indicates the
presence of anomalous concentrations of high values which
may be related to hydrologic phenomena and to economically
significant mineralization. The highest values of mereury, silver,
and copper were found in an elongated group of adjacent local-
ities that are alined parallel to a regional structural linea-
ment.

Ninety-one samples collected from widely spaced
outcrops of Navajo Sandstone in the Colorado Plateau
region were analyzed for gold, copper, silver, and
mercury as part of the Heavy Metals program of the
U.S. Geological Survey. Seventy-eight samples con-
tained detectable mercury, 16 contained detectable sil-
ver, 6 contained detectable copper, and none contained
detectable gold. Because few values were reported for
silver and copper, this is principally a report on the
regional distribution of the mercury values. The
samples were selected as representative of the unit and
included only typical rock, barren of visible traces of
ore mineralization.

The Navajo Sandstone of Jurassic and Triassic(?)
age is probably a continental eolian formation (Hunt-
ington and Goldthwait, 1904, p. 208-207; Gregory,
1917; Baker and others, 1936). It lies above and inter-
tongues with the terrestrial to marginal marine
Kayenta Formation (Triassic?) and underlies and
intertongues with the marine to marginal marine Car-
mel Formation (Jurassic). The Navajo is believed to
straddle the Triassic-Jurassic time boundary (Lewis
and others, 1961; Poole, 1965).

In the Colorado Plateau region (fig. 1) the Navajo
Sandstone is typically a persistent relatively uniform
pale-brown very fine grained to fine grained well-
sorted sandstone characterized by conspicuous large-
scale cross-bedding. Figure 1 shows the regional extent
of the formation, its variation in thickness, areas where
it has been removed by erosion, and location of the
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present outcrops. The unit thickens to the west, rang-
ing in thickness from zero not far east of the Utah-
Colorado border to more than 2,000 feet in south-
western and western Utah. Jobin (1962) considered the
Navajo to have the largest transmissive capacity of all
the hydrologic sedimentary umits in the Colorado
Plateau region. The direction of sediment movement
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Ficure 1.—Isopach map of the Navajo Sandstone in the
Colorado Plateau region, showing outcrop and eroded
areas. From Jobin (1962). Black, outcrops; stipple,
eroded areas. Isopach interval 500 feet.
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Fieure 2.-—Sample locality map. Sample localities with-
in stippled areas are discussed in text; numbers corre-
spond to those given in tables1 and 2.

during deposition of the Navajo as interpreted from
crossbed orientations by Poole (1965) was generally
southeastward.

DETERMINATION OF A REGIONAL DISTRIBUTION
PATTERN OF MERCURY

The 91 discrete rock samples were collected at the
27 localities shown in figure 2. The samples consisted
of 86 fine-grained and very fine grained moderately well
sorted to very well sorted sandstones and 5 of different
lithology which are described in the footnotes to table 1.
Half of the samples were collected by the author; the
remainder were collected by R. F. Wilson, the late
J. C. Wright, R..B. O’Sullivan, and others, while they
were making stratigraphic studies and mapping in the
Colorado Plateau region during 1948-66.

Sampled localities are listed by number and name in
table 1. Locality names that are grouped under one
number are those that have been consolidated to avoid
clusters of overlapping or closely spaced dots on the
sample locality map. Phi median grain size in milli-
meters is listed in the table and serves as a minimum
lithologic description of the individual samples.

Analytical work was done at the U.S. Geological
Survey Field Center, Denver, Colo. Analyses for mer-
cury were made by W. W. Janes; those for gold by
E. G. Martinez, T. A. Roemer, and A. J. Toevs; and
those for silver and copper by J. D. Mensik and J. A.
Thomas. The mercury determination was made by
the large-volume atomic-absorption technique described
by Vaughn (1967). Gold determination was made by
an atomic-absorption technique (Huffman and others,
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F16URE 8.—Frequency distribution of arithmetic mer-
cury values in 91 samples of the Ndvajo Sandstone.
Average, 0.090 ppm ; median (estimated), 0.045 ppm.

1967). Silver and copper were determined quantit~-
tively by means of the atomic-absorption technigne
described by Huffman, Mensik, and Rader (1966) ar-d
by Huffman (1968).

Figure 3 illustrates the arithmetic frequency distri-
bution of the mercury values. The number of samplos
is plotted over mercury content in parts per million.
The values range from <0.010 to 0.500 ppm. The cal-
culated mean or average value of the distribution is
0.090 ppm; the median value estimated from a prob-
ability graph of the cumulative frequency is 0.045 ppm.
For purposes of mathematical calculation, values of
<0.010 were assigned an arbitrary value of 0.005 ppm.
The average mercury content of unmineralized sand-
stones is stated by J. H. McCarthy (oral commun.,
1968) to be 20-80 parts per billion.

The statistical distribution of mercury values is
highly skewed toward the low values. The term “T.-
shape” is sometimes used to describe such distributions,
which are common in ore-grade and geochemical abun-
dance studies. Mathematical or graphical analysis of
L-shaped distributions has three major disadvantages..
First, the mean or average of a small number of
samples will generally overestimate the true mean of
the population (Sichel, 1947, 1952); the population
in this study is the Navajo Sandstone taken as a
whole. Second, because of the departure from normal
symmetry, measures of central tendency such as stand-
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TABLE 1.—Atomic-absorption analyses of Navajo Sandstone samples

[Amounts (in parts per million) are shown only where they equal or exceed the detection limits which are 10 ppm for Cu, 0.2 ppm for Ag, and 0.01 ppm for Hg. Leaders (..)
indicate that the amount present is less than the detection limit. Au was not detected in any sample]

Phi
Sample No. median Metal locked for (ppm)

Phi
Locality Sample No. median Metal looked for (ppm) Locality
No. Locality name (each prefixed grain — No. Locality name (each prefixed grain
(fig. 2) by “L” size Cu Ag Hg (fig. 2) by “L"") size Cu Ag Hg
(mm) (mm)
Arizona Utah=-Continued
14 Deer Trail
1.._.__ Lees Ferry______ 3110 0.095 __________ 0.030 || "7 7° ; .
2 1 Navajo Canyon. 3060 141 . .- 040 Mountain..-. 8107 084 ... 050
§06}) 122 ... 015 || 15_____ Chaffin Ranch
N 3062 094 ________________ area_________ 2811 153 __________ . 015
3. __ Kayenta_____._ 3095 .105 __ . ___________ 2812  .125 . _ _ __ . 030
) 3096 .098 __________ - 030 VABM Butte 3__ 4009 152 __________ 015
4. Rock Point_____ 3926 120 ________________ 4010 .158 __________ . 040
3927 4 4011 152 . . 030
3928 075 _____ 0.3 ______ 4012 165 .
3929 120 .. Green River____ 4027 1156 - ..
3930 111 .. _. 4028  .103 _________._ . 020
15__ - _ Bobbin Butte___ 4031 123 __________ . 030
4032  .124 __________ . 030
Colorado Red Wash______ 4067 137 45 _____ 030
4068 184 220 0.2 060
il _____ 40 L1589 o 2
5o Skull Creek.____ 2142 0.087 _____ 0.2 0.070 Jeep Trail e A 020
6______ Horseshoe Bend._ 989 115 __________ .300 1l 16___ _ San Rafael 1388 119 015
~ 990 .095 ___.__ .3 .500 Swell.
Tmeen McElmo 17 Sevenmile 1399 074 __________ 015
Canyon_.___._ 277,091 17 _____ . 460 Canyon. £3786A .096 _____ 2.0 .010
278 086 11 4 350 : 53786B _______ 39 .8 015
279 075 - 300 |1 18 __ Antimony 3074 .081 _________. . 160
280 092 _____ -2 .400 Creek. 3075  .269 ________ _- .040
281,088 _____.____ 2200\l 19_____ Pleasant Creek__ 1671 107 __________ . 100
282 084 _____ .2 .400 1672 111 - 040
283 102 . -300 1673 .123 __________ . 100
284 090 _____ L7 . 140 1674 123 _ ________ . 030
1410 076 _____ .3 .030 1683 231 _ .140
1684 112 .. . 030
1685 112 . . 140
Utah 1686 121 ________ __ .015
20_____ LaSal Creek_ _ __ 328 103 _____ 0.2 350
2802 017 __________ 015
S _ Vernal_________ 3522 0.164 ________________ 21_____ Pine Creek_____ 2925 148 - ___ 040
3523  .275 __________ 0. 040 2026  .128 __________ . 060
3524 163 ________________ 22_____ Circle Cliffs
13525 o _____ area:
Brush Creek____ 2120 141 __________ . 040 Burr Trail__ 1422 180 __________ 015
9_____. Thistle_________ 3104 117 . _____ . 030 Steep Creek_ 1737  .232 __________ 040
3105 .169 ________ __ .030 1738 104 __________ 015
10 ____ Cliff Creek___ __ 2516 078 _____ 0.3 ______ 1739 104 ________ _. .080
11.____ Meadow Creek__ 3067 091 _____ R S 1740 123 ________ . .100
3068 153 __________ . 020 6 2306 017 _____ .3 _____.
12 Cedar Moun- Silver Falls_ 3123 275 . . 090
tain__________ 2836 040 15 4.0 .150 || 23____._ Indian Creek.. _ _ 959 121 . . 160
2838 .207 ___._______ 140 960 .100 __________ . 300
13- __ Black Dragon 24_____ Leeds__________ 2196 .238 __________ . 040
Canyon_.____ 429 .092 _____ .2, .020 2197 190 ________________
430 128 __________ .220 || 25_____ Hole-in-Roek_ _ _ 3117 .092 __________ . 015
431 113 . . 040 3118 158 __________ . 030
432 154 __________ 140 || 26_____ Butler Wash____ 3023 142 __________ . 060
433 138 . ______ . 220 3024 142 __________ . 120
434 146 __ . _______ .160 || 27_____ Comb Ridge____ 1432 188 ________.__ . 020

1 Siliceous concretion.

2 Very fine grained sandstone completely cemented with quartz overgrowths.

3 An unnanied feature, indicated by vertical-angle bench mark, shown in sec. 1,
T.24 8., R. 16 E,, on U.8. Geological Survey topographic map of Green River, Utah;
sample locality designated by J. C. Wright.

ard deviation will be of questionable use. Third,
graphic plots or maps cannot show detail in the
lower values without expanding the higher values,
which causes difficulties with scale (Williston, 1964).

An acceptable solution to these problems connected
with the I-shaped distribution is the conversion of

4 Limestone from a shallow depression or pan on top of the formaticn.

s Silica interbedded with limestone in sample L3786A. i X

6 Purple siltstone possibly derived from volcanic ash from 1-foot-thick localized
lens.

the mercury values to logarithms, a process termed
by statisticians as a “log transformation.” Af‘er trans-
formation of the arithmetic distribution to a log
distribution, several methods (Sichel, 1947, 1952;
Miesch, 1967) are available for obtaining a statisti-
cally acceptable estimate of the mean content of mer-



CADIGAN

cury in the Navajo. Logarithms to the base 10 are con-
ventionally used; but in this study, done without the
use of a computer, an arbitrary log scale was used.
(Class limits of convenience were advanced on a geo-
metric scale, such as 25 parts per billion, 50 pph, and
100 ppb, and each interval was assigned a log, such
as 3.0, 4.0, and 5.0, as used in the method suggested
by Sichel (1952, p. 272). A graphic log table was con-
structed on semilog paper by writing the log values
along the arithmetic scale and the parts per million
along the log scale. Intersection points of the assigned
logs and parts per million were plotted and connected
with a straight line.

This system of logarithms (actually logarithms to
the base 0.00625) yields convenient class intervals as
shown below :

Values of mercury (ppm) Logyo 1 Logo.o62s
0.003125_ . _ ___ _ _______ ____________._ 7.49485-10 0
0.00625____ ________________________ 7.79588-10 1 00
0.0125___ ____ ____________________ 8.09691-10 2.00
0.025__ __ __ o ______ 8.39794-10 3.00
0.050 . ___ ________________ . 8. 69897-10 4.00
0.100______ _____ o _____ 9. 00000-10 5.00
0.200_.__________ o ________ 9.30103-10 6. 00
0.400______ _______ o _____.___ 9. 60206—-10 7.00
0.800._______ o _____ 9. 90309-10 8.00
(Interval)._________________________ (0.30103) (1.00)

1 Logo.o0s25 of & number IV may be obtained in the following manner:

LoguN
Logo.o0025=
0.30103

+8.321919

Figure 1 is a histogram of the log-frequency distri-
bution of the mercury values. The first two classes
are discordant because the second class straddles the
0.010-ppm detection limit of mercury. Many of the ar-
bitrarily assigned 0.005-ppm values may actually lie
within the limits of the second class. Regardless of
this discrepancy, the transformation markedly reduces
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Fiaure 4.—Frequency distribution of logarithmic
mercury values in 91 samples of the Navajo
Sandstone.
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the asymmetry of the original distribution. The calen-
lated mean of the log distribution is 3.57, the antilce
of which is 0.037 ppm. This estimate of the populaticn
mean compares favorably with the mean, 0.038, cal-
culated according to the method for estimating tle
mean of a censored distribution described by Miesch
(1967, p. B7-B8). The median, estimated graphically
with probability paper, is 0.040 ppm.

The means or averages of the log values at each
numbered map locality (fig. 2, table 1) are listed in
table 2 with the number of samples, range of valuer,
and averages of the arithmetic values. The averages
of the log values are contoured in figure 5. Areas en-
closed by the 4.0 contour are designated as high-mer-
cury-content-areas and are shaded for emphasis.

The pattern produced by the contoured mercury
values shown in figure 5 suggests the presence of three

TABLE 2.—Average mercury content of Navajo Sandstone samples
from localities in the Colorado Plateau region

[Leaders indicate no range of values]

Lo- Average mercury

cal- . No. R (ppm) _c?ntent (ppm)
No. Focatity name muples e (PP Arith-  Loga-
metic rithmic

Arizona
1 Lees Ferry._________ 1 . 0.030 3.26
2 Navajo Canyon______ 3 10.005-0.040 . 020 2.21
3 Kayenta____________ 2 1.005- .030 .017 1.97
4 Rock Point_________ S el ___ 1.005 .68
Colorado
5 Skull Creek_________ 1 . 0.070 4.49
6 Horseshoe Bend_____ 2 0.300-0.500 .400 6.97
7 MecElmo Canyon._ - __ 9 .030- .460 .319 6.22
Utah
8 Vernal______________ 5 10.005-0.40 0.019 1.88
9 Thistle. ____________ 2 .. .030  3.26
10 CIliff Creek__________ 1 1,005 .68
11 Meadow Creek______ 2 1,005~ .020 .012 1.68
12 Cedar Mountain_____ 2 .140- . 145 .145 5.54
13 Black Dragon

Canyon___________ 6 .020- .220 .133 4.98
14 Deer Trail Mountain_ 2 .. .020 2.68
15 Chaffin Ranch area_ _ 14 1.005- .060 .024 2.59
16 San Rafael Swell__ __ 1 . .015  2.26
17 Sevenmile Canyon___ 3 .010- .015 .013 2.13
18 Antimony Creek_____ 2 .040- . 160 .100 4.68
19 Pleasant Creek ______ 8 015- .140 .074 4.19
20 LaSal Creek.__..______ 2 .015—- .350 .233 4.54
21 Pine Creek__________ 2 .040- .060 .050 3.98
22 Circle Cliffs area_____ 7 1.005- .100 .049 3.34
23 Indian Creek_.______ 2 .160- .300 .230 6.15
24 TLeeds______________ 2 .005- .040 .022 2,18
25 Hole-in-Roek________ 2 .015- .023 .023 2.76
26 Butler Wash________ 2 .060- .120 .090 4.77
27 Comb Ridge_ - ______ 1 .- .020 2.68

1 Values reported at less than 0.010 ppm have arbitrarily been assigned the value
of 0.005 ppni to avoid zero values.
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Fi6URE 5.—Contour map based on the locality averages
of the logarithms of the mercury values in the Navajo
Sandstone. Shaded areas represent averages above
4.0, or 0.050 ppm of mercury.

generally high-content areas. The largest is in the
southwestern corner of Colorado and the southeastern
corner of Utah; the other two are in central and south-
central Utah. The regional pattern suggests a general
trend of decreasing mercury values from southeast
to northwest.

The degree to which this pattern is representative
of the “true” regional distribution pattern of mercury
in the Navajo Sandstone cannot be tested without an
additional sampling program comparable to this one.
Figure 5 thus may or may not be a fair representation
of the regional mercury distribution pattern, but as a
preliminary sampling, it yields the following valuable
information: (1) an estimate of the average mercury
content; (2) a strong suggestion that the regional dis-
tribution is probably nonrandom; (8) the location of
some probable regional anomalies; and (4) a suggested
regional trend.

A linear trend surface was fitted to the data of fig-
ure 5 by a least squares method: the resulting surface
reduces the sum of squares by only 8 percent and dips
gently N. 80° W., representing a weak linear trend of
values that decrease to the west-northwest. The quad-
ratic surface, shown superimposed over the linear sur-
face in figure 6, has the same orientation. The quad-
ratic surface decreases the sum of squares by 41 per-
cent and has a very highly significant correlation
(r=0.644) with the location log averages. The regional
trend of the mercury values thus appears to be cur-
Yill)inear in the form of a west-northwest extending
obe.

GEOCHEMISTRY

Randomness of the regional distribution of loga-
rithms of the mercury values was tested by means of
chi-square and probability of randomness or P, (Cadi-
gan, 1962). For statistical purposes it was necessary to
group the localities before testing so that there was a
minimum of five samples per group. The rerulting 12
locality groups were: 1, 2, and 25; 3, 4, 2€. and 27;
5; 8 and 10; 6, 20, and 23; 7; 9, 11, and 12; 73; 15 and
17; 16 and 19; 21 and 22; 14, 18, and 24. In conform-
ance with conventional practice the level of signifi-
cance was chosen as P,=0.05. Regional distributions
which depart significantly from randomness will yield
a P, of 0.05 or smaller. P, of the regional distribution
of mercury was found to be <0.01, whicl suggests
that the mercury values are not randomly distributed
and that the west-northwestward trend suggested
above is probably real. Such a trend then must be
interpreted in terms of geologic factors.

GEOLOGICAL INTERPRETATION

The Navajo Sandstone probably contains both syn-
genetic and epigenetic mercury. The syngenetic mer-
cury was probably inherited from the source of sedi-
ments and accumulated with the sediment during
deposition, and it presumably shows a relationship to
the thickness and orientation of the formation, as syn-
genetic minerals usually do. Epigenetic mersury could
be related to hydrologic phenomena and thus reflect
regional movement of intrastratal fluids, wlich would
form a regional dispersion pattern. Dispersion pat-
terns related to hydrothermal mineralization have been
reported by Saukov (1946), Williston (1964), and
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FicuRE 6.—Computed linear (lighter liner) and
quadratic (heavier lines) surfaces fitted by least-
squares method to data of figure 5.



CADIGAN

Erickson, Marranzino, Oda, and Janes (1964). Such
hydrothermal dispersion patterns, however, are of a
much smaller scale than the regional pattern detected
in this study of the Navajo Sandstone in the Colorado
Plateau region.

The dominant curvilinear west-northwestward trend
of the mercury values is opposite in orientation to the
direction of sediment movement. This suggests that
the dominant trend is related to the presence of epi-
genetic mercury originating from postdepositional
hydrologic phenomena. The high values along the
eastern edge of the Navajo suggest that this is the
location, or at least the source direction, of the most
important contributions of the epigenetic mercury.
Perhaps the direction of movement of water within
the Navajo during the time of emplacement of the
epigenetic mercury was west-northwestward, toward
the thickest part of the Navajo Sandstone.

The shaded high-mercury-content areas in figure 5
contain intrusive igneous centers (Ekren and Houser,
1965; Witkind, 1964) and numerous uranium deposits
(Ekren and Houser, 1965, p. 61; Fischer and Hilpert,
1952). However, numerous igneous centers and uran-
ium deposits lie outside the high-mercury areas of
figure 5, and so do, for example, the Silver Reef silver-
copper deposits that are accompanied by low-mercury
values in the Navajo, at Leeds, Utah (loc. 24).

Figure 7 shows those localities which contain the
five highest values each of silver, copper, and mercury.
The underlined symbols indicate the locality of the
single highest value of each of the three metals. The
15 high values are contained in 10 different samples
that were collected from just 5 of the 27 localities.

No significant statistical correlations for the three
metals were obtained from the individual sample
values. Copper and silver values show a tendency to
be positively correlated. Copper and mercury, and
silver and mercury values, show a tendency to be nega-
tively correlated within the same sample. The occur-
rence of the highest values in a few common localities,
combined with the lack of within-sample correlation
noted above, suggests that the metals are independ-
ently related to common sources. Superposition of the
high metal values is probably not a chance occurrence;
and the lack of within-sample correlation suggests a
direct connection between sources and host rocks
rather than an indirect connection involving a mer-
cury-copper-silver solution in relative equilibrium.

It should be noted that these localities lie within,
and are alined roughly parallel to the axis of, the
tectonically active Pennsylvanian-Tertiary Paradox
basin (Cater and Elston, 1963), a major regional
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F1GURE 7.—Localities containing the five highest values
of silver, copper, and mercury in samples from the
Navajo Sandstone. Underlined symbols indicate locality
of single highest value for each metal.

unstable structural element in the central part of the
Colorado Plateau.

CONCLUSIONS

The following conclusions have been drawn fror
this reconnaissance study:

1. An extensive fairly uniform sedimentary unit,
such as the Navajo Sandstone, provides an excellent
opportunity to obtain a regional geochemical dis-
persion pattern of mercury.

2. The interpretation of mercury values is easier to
make if a logarithmic transformation is done on indi-
vidual sample values and if transformed values are
used on maps and other graphic aids.

3. The mercury geochemical dispersion pattern prc-
duced by the Navajo Sandstone samples used in this
study delineates some of the areas in the Colorado
Plateau region which may warrant additional explora-
tion for silver, copper, and uranium ore deposits.
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DISTRIBUTION OF MINOR ELEMENTS IN SAMPLES OF BIOTIT™
FROM IGNEOUS ROCKS

By TOM G. LOVERING, Denver, Colo.

Abstract—Two hundred samples of biotite taken from sever-
al types of igneous rocks from many localities have been an-
alyzed by a semiquantitative spectrographic method in the lab-
oratories of the U.S. Geological Survey. Thirty-six minor ele-
ments were detected in one or more of these samples. Ca,
Na, Ti, Mn, Ba, Co, Cr, Cu, V, Se, Ni, and Sr were detected
in more than 90 percent of the samples. Biotite samples from
different parent rock types show corresponding differences in
concentrations of minor elements. Biotite from granitic pegma-
tite and pyroclastic rocks contains detectable Mo, and biotite
from syenite and nepheline syenite commonly contains Ag.

Biotite is a primary silicate mineral that is easily
recognized in a wide variety of igneous rocks. It is
found in rocks as siliceous as granitic pegmatite and
as silica deficient as peridotite and pyroxenite. Its
composition is approximately K(Mg,Fe);(AlLSis)Os,
(OH,F).. Since the development of the potassium-
argon method of geochronology, many samples of bio-
tite have been submitted to the laboratories of the U.S.
Geological Survey for age determination. Splits of
165 of these biotite separates taken from representa-
tive samples of igneous rock were analyzed spectro-
graphically by a semiquantitative spectrographic
method. Data on 35 other biotite samples from igneous
and metaigneous rocks analyzed by the same method
for other projects are also considered in this investiga-
tion.

The distributions of the minor elements in this
group of 200 samples of biotite taken from a variety
of types of igneous rocks from many different locali-
ties are summarized here in the hope that they may
provide information relevant to the characteristic dis-
tribution of such elements in primary magmatic bio-
tite, and to the differences in minor element content
that characterize biotite from different kinds of igne-
ous rocks. The term “minor elements” is here used for
cation elements that do not appear in the defining
chemical formula for biotite.

Acknowledgments.—Thanks are due to Richard
Marvin, who provided most of the biotite samples
used in this study, to A. L. Sutton and Barbara Tobin,
who made the analyses on this group of samples, and
to Frank Dodge and Priestley Toulmin, who allowed
me to include in this compilation data on their suites
of biotite samples.

MINOR-ELEMENT DISTRIBUTIONS IN BIOTITE SAMPLE"
WITHOUT REGARD TO ROCK TYPE

Thirty-six minor elements were reported in one or
more of the 200 biotite samples analyzed; these ele-
ments, and their maximum reported concentrations,
are listed in table 1. Twelve of these elements were

TABLE 1.—Maximum concentrations of the minor elements detected
in 200 samples of biotite

Maximum Maximum Maximum
Element concentra- Element concentra- Element concentra-
tion tion tion

(percent) (percent) {percent)
Ag_ . 0.0003| Gd___.___ 0.15 |Pr.______ 0. 07
B________ 003 |Ho_______ . 03 Se._______ .03
Ba.______ 7 La____.____ .2 Sm_______ .07
Be _______ 001 (Lio_______ .15 Sn________ .05
Ca____.___ 3 Lu_______ L015 [ Sro__o____ .5
Ce ____.._. .5 Mn___.__.__ 3 Ti o _____ 5
Co_______ 015 | Mo_______ . 05 Tm_______ . 015
Cro_______ 2 Na_.______ 7 Voo .15
Cu_______ 3 Nb.______ .07 Y . .3
Dy_______ .07 Nd._____. .3 Yb_______ . 005
Er _______ .15 Ni______. .1 In________ .07
Ga_______ 03 Pb______. 03 Zro_______ .3

detected in more than 90 percent of the samples ane-
lyzed, and may thus be considered normally detectel
elements. Cwmulative frequency distribution curves
for these twelve (Ca, Na, Ti, Mn, Ba, Co, Cr, Cu, V,
Sc, Ni, and Sr) are shown in figure 1. The distribu-
tions of Na, Ti, Co, and Sc are restricted, spanning
less than two orders of magnitude.

The frequency distributions of the 24 remaining
minor elements, which were detected in less than €0
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Froure 1.—Cumulative distribution curves of normally detected minor elements in 200 biotite samples. Solid line, ecnmulative
sample frequency distribution ; dashed line, cumulative normal frequency distribution fitted to data.

percent of the samples, cannot be specified because of
their truncated nature. Data on these elements are
summarized in table 2.

Several reports containing information on the compo-
sition of biotite samples have been published, but most
of these pertain to biotite samples from metamorphic
rocks. Nearly all the rest contain data on small groups
of biotite samples separated from only a few types
of igneous rocks in restricted areas, or data pertaining

to only two or three elements in samples from many
localities. The only published report of which I am
aware that contains information on the composition
of biotite derived from a variety of igneous rocks from
several localities is one by Rimsaite (1964), in which
the analyses of 18 biotite samples from igneous rocks
in various parts of Canada are presented. Rimsaite’s
data were obtained with an X-ray spectrometer and
are presented in tables of oxide analyses for 13 ele-
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ments. The oxides studied by Rimsaite, for which 1
have spectrographic data on the elements, are: TiOs,,
MnO, V.0O;, Cr.0s, NiO, Zn0O, Ga,0;, CaO, BaO, and
SrO. Table 3 compares the maximum, minimum, and
median concentrations of these 10 elements, caleulated
from Rimsaite’s table, with the corresponding values
from my suite. The biotite samples from Rimsaite’s
igneous rocks in Canada show median concentrations
of Ti, Mn, Ga, Ca, and Ba similar to those 1 found;
however, her samples contain significantly more Cr,
Ni, and Zn, and less V and Sr.

Descriptive and analytical data, and sample loceli-
ties, on each of the 200 biotite samples, whose analyses
are summarized in this report, are available elsewhore
(Lovering, 1969).

MINOR-ELEMENT DISTRIBUTIONS IN BIOTITE SAMPLES
FROM SPECIFIC ROCK TYPES

The suite of 200 biotite samples analyzed consists
of 55 from granites, 35 from quartz monzonites, 41
from granodiorites, 10 from diorites, 9 from pegra-
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TaBLE 2.—Summary of content (in percent) of minor elements not
commonly detected in biotite

Median Limit of Percentage of
Element concentration detection samples in which
detected

Ag . <0. 0001 0. 0001 6. 0
B . <. 002 . 002 3
Be.._____.____ <. 0001 . 0001 17.5
Ce__________._ <. 015 . 015 12
Dy . <. 005 . 005 1
Er ___________ <. 005 . 005 )
Ga_.__________ <. 01 1.01 5
Gd____________ <. 005 . 005 1
Ho . _________ <. 002 . 002 1
La____________ <. 003 . 003 32.5
Lio___________ <. 01 .01 1.5
Lu.___________ <. 003 . 003 .5
Mo___________ <. 0003 . 0003 24
Nb__ . . 005 . 0007 74
Nd - _____ <. 007 . 007 28. 5
Po__ . <. 001 . 001 23. 5
Pro___________ <. 01 .01 1
Sm____________ <. 01 .01 s
Sn____________ <. 001 . 001 21
Tm___________ <. 002 . 002 .5
Y . 001 . 001 50. 5
Yb_ . <. 001 1,001 7
Zn____________ <. 02 .02 20
Y/ S .01 . 001 79.5

1 Concentrations were reported that were lower but were unreliable because of
interference.

tites, 14 from mafic intrusive rocks, 16 from pyroclas-
tic rocks, and 20 from other miscellaneous rocks.
Ranges and median concentrations of 15 commonly
detected elements in biotite samples from each of these
rock types, except the miscellaneous group, are shown
graphically in figure 2.

A recent report by Stern (1965, p. 160, 162) gives
analyses of 16 biotite samples from granitic pegma-
tites of the Alps, for MnO, Na,O, CaO, Ti0,, Cr, Sr,
Ni, Zr, B, Be, and Ba. Because I have analyses of only
9 such samples, I have included the ranges and medi-
ans caleulated from Stern’s data adjacent to my own
in figure 2 for comparison.

Biotite samples from granite, as compared to the

TaBLE 3.—Summary of data on 10 minor elements in 18 biotite
samples from igneous rocks in Canada, as compared to data in
this report.

[Data derived from Rimsaite (1964, table 2, p. 162); author's data in parentheses]

Ele- Maximum Minimum Median

ment (percent) (percent) (percent)

Ti.._ 3.4 (5.0) 0.2 ( 0.3) 1.7 ( 1.2)
Mn_ .58 (3.0) .04 ( 0.03) .31 ( 0.2)
V___ .006 (0.15) <.006 ( 0.0015) <.006 ( 0.025)
Cro_ .37 (0.2) <.03 ( 0.0002) .03 ( 0.004)
Ni__ .165 (0.1) .004 ( 0.0005) .012  ( 0.004)
Zn__ .11 (0.07) .02 (<0.02) .05 (<0.02)
Ga__ .01 (0.03) <.0015 (<0.01) .003 (<0.01)
Ca__ 1.8 (3.0) <.04 ( 0.015) .3 ( 0.3)
Ba_. .85 (7.0) .045 ( 0.003) 1R (0 0.12)
Sro__ .036 (0.5) <.0008 (<0.0005) .0008 (0.002)

GEOCHEMISTRY

entire suite of biotite samples, appear to be slightly
enriched in Mn, Nb, Se¢, Y, and Zr, and slightly de-
ficient in V, Ba, Sr, and Cu. Those from quartz mon-
zonite and granodiorite show a high mediar. concen-
tration for Mn, and low median concentrations for Cr,
and Y. The few available biotites from diovite have
high median concentrations of Ba, Mn, Cr, and Ni,
and low median concentrations of Sr, Nb, and Y. The
suites of biotite samples from granitic pegmatites and
from mafic intrusive rocks predictably show the great-
est contrast in their minor-element concentretions, as
the parent rocks show the greatest diversity in com-
position. The biotite samples from granitic pegmatite
show high median values for Nb, Sc, and Y, and low
median valaes for Ca, Na, Ba, V, Ti, Cr, and Ni. The
group from mafic intrusive rocks shows high median
values for Ca, Na, Ba, Sr, Cr, Co, Ni, and Cu, and low
median values for Ti, Mn, Nb, Sc, Y, and Zr. The
pyroclastics, from which biotite samples were ana-
lyzed, are a heterogeneous group; however, most of
them are tuffs, welded tuffs, and ash with rhyolitic or
quartz latitic composition. The biotites from these
rocks yielded high median values for Ca, Na, Ti, Ba,
Sr, Co, Se, and Cuj; they did not yield lov median
values for any of the commonly detected elements.
The significance of the median values for these ele-
ments in biotites from the various rock types varies
with the number and geographic distributicn of the.

TABLE 4.—Percentage of the biolite samples, from various types of
igneous rocks, in which the less common minor elements were
detected

Parent rock type

Quartz Mafic

Element Granite monzo- Grano- Diorite Pegma- intru- Albalic Pyro-

(55sam- nite  diorite (10sam- tite sive rocks clasties
ples) (34sam- (41sam- ples) (9sam- rocks (6sam- (16sam-
Pples) ples) ples) (14sam- p'es)  ples)
ples)

Ag .. 22 7 83 19
B_______ 2 - 25
Be______ 24 41 40 . 50 ______
Ce______ 24 ______ 2 20 22 ______ 17 19
Dy______ 2 . 1
Bro_ L ___ B
Ga______ 7 10 55 ______ 33 .-
Gd..____ 2 - )
Ho___.___ 2 - 11
La______ 60 18 5 30 55 7 33 56
Lio_____ 4 3 e
Lu .. 11
Mo_____ 9 12 . 100 43 50 88
Nd._..._ 53 15 5 30 44 7 33 44
Pb______ 40 24 2 20 67 7 17 19
Pro_ . 10 11 .
Sm._ o __ 11 -
Sn______ 49 18 5 30 11 .
Tm_ o ____ 11 -
Yb______ 22 3 .. 20 .
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FI1¢URE 2.—Range of commonly detected elements in biotite samples from various rock types: Gr, granite; Qm, quartz

monzonite ; Gd, granodiorite; Di, diorite; Peg, pegmatite; Mir, mafic intrusive rocks; Py, pyroclastic rocks. Dasheld
vertical lines represent data derived from Stern (1966, tables 1a and 2). Dashed horizontal lines represent limits of

detection. Tick on vertical iine indicates median.

samples, and also with the overall dispersion of values
for each element. The lowest median value for copper
is in biotites from granites; yet the highest copper
content in any sample was found in biotite from gran-
ite. Differences in median values for elements showing
wide dispersion in values (Ba, Cr, Cu, Sr), in groups
composed of fewer than 20 samples, may have no real
significance.

Table 4 shows the proportions of biotite samples
from 8 rock types, in which the occasionally and rarely
detected elements were found. Although only 6 sam-
ples of biotite from alkalic rocks were analyzed, this
group is included because of the unusually high con-
centration of certain minor elements it exhibits.

CONCLUSIONS

Interpretation of the significance of a compilation of
chemical analytical data, such as the one summarized in
this report, is complicated by many factors: (1) Sep-
arated biotite fractions are commonly impure, contain-
ing other minerals, as random loose grains, primavy
inclusions in the biotite flakes, and incipient alteration
products. (2) The samples are certainly not representa-
tive of biotites in general. Specific areas and rock types
are represented out of proportion to ‘their actual fre-
quency of occurrence. Furthermore, some rock samples
from which biotite was separated were altered or other-
wise atypical of any large rock mass. (3) The analyti-
cal methods used are not highly precise.
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The minor-element distributions in biotite samples,
summarized in this report, are suggestive of those in
the primary biotite populations from which the samples
were taken, but for the reasons outlined above, they
cannot be considered as truly representative of these
populations. For these reasons, no interpretative statis-
tical treatment is made of the data.

Many more analyses of biotite from rocks, other than
the silicic plutonic rocks, are needed to establish the
characteristic distributions of minor elements in their
primary biotite. The apparent concentration of Mo in
biotite derived from granitic pegmatite and pyroclastic

GEOCHEMISTRY

rocks, and of Ag in biotite derived from sy-nite and
nepheline syenite (alkalic rocks, table 4) seem< particu-
larly worthy of investigation.
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HAWAIIAN SEISMIC EVENTS DURING 1966

By ROBERT Y. KOYANAGI, Hawaiian Volcano Observatory,

Hawaii National Park, Hawaii

Abstract.—During 1966, 388 earthquakes having a magnitude
of 2.0 to 4.5 occurred in the Hawaiian Islands. The foci of four-
fifths of these were along structural features beneath the ac-
tive Kilauea and Mauna Loa volcances. Nearly 100 earthquakes
were felt by residents of the Island of Hawaii.

The location of earthquakes in Hawaii during 1966,
compiled by the Hawaiian Volcano Qbservatory, U.S.
Geological Survey, are graphically displayed in this
report, the fifth of a series of annual reports showing
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FicurRE 1.—Map of the isltand of Hawaii, showing the five vol-
canoes and their principal structural features. Dot-and-dash
lines are boundaries of volcanic systems. Location of seismo-
graph stations is indicated by closed triangles. Contour in-
terval is 2,000 feet, and datum is mean sea level.

the distribution of Hawaiian earthquakes (Koyaragi,
1964 ; Koyanagi and Endo, 1965; Koyanagi and Oka-
mura, 1966; and Koyanagi, 1968).

Earthquakes having a magnitude of 2.0 or greater
that occurred beneath the five volcanoes and along the
principal structural features of the island of Hawaii
(fig. 1) during each quarter of 1966 are located in
figure 2. Earthquakes having a magnitude of 2.0 or
greater that occurred offshore along the Hawelian
Ridge from lat 18° to 28° N. and long 153° to 160° W.
are plotted in figure 3. The earthquakes are plotted
in 8 depth groups (less than 10, 10 to 20, and 20 to
60 kilometers) and 2 magnitude groups (2.0 to 3.5 and
greater than 3.5). Also, quarterly counts and annual
totals beneath the five volcanoes and offshore areas are
given in figure 4.

The methods used to determine the location of the
earthquakes are similar to those used in earlier re-
ports and are subject to the same limitations. Due to
traveltime anomalies and occasional recording irade-
quacies, a 5-km sphere of error should be allowed for
the location of earthquake beneath the island of Ha-
wail. For events occurring offshore in areas of limited
seismometric coverage, errors as large as 10 km may
be expected.

CHRONOLOGY OF SEISMIC EVENTS DURING 15%6

Small earthquakes numbering several tens per day
occurred beneath the south flank of Kilauea during the
first 3 weeks of January, as activity of the Kilauea
flank eruption and seismic crisis of December 1965
(Fiske and Koyanagi, 1968) subsided. As flank seismi-
city decreased, however, a gradual increase in the num-
ber of shallow Kilauea caldera shocks (magnitude <2)
was noticed. From less than 50 per day during the first
9 months, the average daily count rose to 80 during
March, and reached a maximum in April when daily
counts often exceeded 150.

B113

U.S. GEOL. SURVEY PROF. PAPER 650-B, PAGES Bl113-B116



Bl14

GEOPHYSICS

EXPLANATION
Depth Magnitude
1st quarter (kilometers) | 50.35 | >35 2d quarter
<10 . o
10-20 + +
X

4th quarter

3d quarter
Fieure 2.—Plot of epicenters of earthquakes having a magnitude of 2.0 or greater beneath the island of Hawaii during
each quarter of 1966. Dot-and-dash lines are boundaries of volcanic systems, long-dashed lines are fault systems, and

short-dashed lines are rift zones. Geographic names are shown in figure 1.
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NUMBER OF QUAKES FOR 1966

3 6 53
7] r .
w
X
<
2
o
('
(o]
4
wi
o
=
S - S e
1234 1234 Quarter
of the
= [ ear
b ] © ) K 5 Y
3 se £g s 3 §
S &3 @ s ] £
X = = X I ]
——Active ——  ——Dormant or extinct——
VOLCANOES
EXPLANATION
g & S
20-60 km deep 10-20 km deep 0-10 km deep
(deep) (intermediate) (shallow)

F16URE 4.—Geographic location and the distribution, with depth,
of earthquakes having a magnitude of 2.0 or greater that
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On July 5 a swarm of about 500 earthquakes oc-
curred along the upper east rift and adjacent fault sys-
tems. On July 6 the largest event during this episode

registered a magnitude of 2.8 at 01"11™ and was felt
in the Kilauea summit area.® Also in July, and extend-
ing into August, an increased level of activity was
noticed along the lower east rift of Kilauea. Earth-
quake counts fluctuated from several per day to sev-
eral tens per day. After the first week of August, seis-
mic quiescence prevailed. A magnitude-4.5 quake from
the Kaoiki fault zone proved to be the largest event
of the year and was felt islandwide at 06%33m, Sop-
tember 5.

In the final quarter, activity resumed along the lower
east rift. During November, the peak month of ac‘iv-
ity, 217 earthquakes having a magnitude of 0.1 to 3.5
were recorded. Five of the largest events, ranging: in
magnitude from 2.5 to 8.5, were felt by residents of
the eastern part of the island.

SUMMARY

Of the several tens of thousands of earthquskes
recorded in 1966, 388 having a magnitude of 2 or

1Times are in hours and minutes, Hawallan standard time.
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greater were located and plotted. Eighty percent of
these larger quakes originated beneath the active
Kilauea and Mauna Loa volcanoes. As in earlier years,
offshore events were concentrated along the south-
eastern and western coasts of the island of Hawail.
The quakes were predominantly of intracrustal depths
with the exception of a persistent family of Kilauean
earthquakes originating from a depth of about 30 km.
In all, nearly 100 shocks ranging in magnitude from
2.0 to 4.5 were felt by residents of the island. Five
larger ones having a magnitude of 3.7 to 4.5 were felt
islandwide; four of these occurred along the active
Kaoiki fauit, a scarp which marks the surface bound-
ary of the Mauna Loa and Kilauea volcanoes.

GEOPHYSICS
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SEISMIC EVENTS ORIGINATING AT THE ATOMIC ENERGY
COMMISSION’S NEVADA TEST SITE

By HAROLD L. KRIVOY and CONNALLY E. MEARS,

Flagstaff, Ariz.

Abstract—Underground nuclear explosions at the Nevada
Test Site (NTS) have been detected at a Flagstaff, Ariz, geo-
physical observatory since November 1966. Data on these man-
made seismic events (shotpoint coordinates, shot times, and
phase arrival times) were used to calculate a thickness of about
36 km for the crust between Flagstaff and the NTS. From the
data of other observatories, as compiled and published by the
U.8. Coast and Geodetic Survey, relationships are inferred
which show a pattern of aftershocks following certain of the
tests at the NTS.

As part of the U.S. Geological Survey’s program of
lunar and planetary research, systematic seismic
observations have been made since November 1966 in
the San Francisco Peaks area about 10 miles north
of Flagstaff, Ariz. Astrogeologists are interested in
earthquakes and explosions and the seismic energy
that they generate because the explosionlike impacts
that form lunar craters also produce seismic energy.
Energy from meteorite impacts, as well as from moon-
quakes, may play a major role in the modification of
lunar surface forms and in the production of new
ones. Evidence of this may be found in certain tex-
tural features of the lunar surface revealed by Ranger
spacecraft photographs (Kuiper, 1965, p. 55; Kuiper
and others, 1966, p. 138). Titley (1967, p. 99) noted
that these features resemble scarps and benches and
debris-creep patterns that form on terrestrial mate-
rials. He suggested that the movements (slumping,
landsliding, and so forth) that produce these features
on Earth could be triggered on the Moon by impact-
induced seismic energy.

The equipment at the Flagstaff observatory con-
sists of a three-component set of long-period seismo-
meters operating broad-band via electronic amplifica-
tion and recording visibly in 24-hour pen-and-ink
format. The data presented here were obtained from
several sources in addition to the measurements made

with these instruments. Data from the Tonto Forest
Observatory, Payson, Ariz., were published by Geo-
tech, Inc. (1966, 1967) for the U.S. Air Force Tech-
nical Applications Center. Data from other observa-
tories were obtained from publications by the U.S.
Coast and Geodetic Survey (1966, 1967). Data on
underground nuclear explosions were supplied by the
Office of Public Affairs, U.S. Atomic Energy Com-

mission, Las Vegas, Nev.
RECORDED NUCLEAR EXPLOSIONS

Table 1 lists events recorded in Flagstaff that were
initially identified as nuclear test explosions set of’ at
the U.S. Atomic Energy Commission’s (AEC) Nevada
Test Site (NTS). Figure 1 shows the location of
some of the shotpoints according to coordinates smp-
plied by the AEC. Some preliminary identifications
were erroneous, such as the first event listed in table 1,
which turned out to be a natural earthquake from
Colorado.

Arrivals of compressional (P, and P,) and trans-
verse (S) waves are identifiable in the records of large
underground explosions (fig. 2). The P, waves result
from the refraction of compressional-wave enevgy
along some discontinuity whose depth is less than that
of the base of the crust. The velocities of this energy
approach that for granitic rock under pressure (Rich-
ter, 1958). The P, waves follow the most efficient
energy path, as the large displacements in figure 2
show. Their arrivals may, therefore, be read with
accuracy for most of the events listed. P, wave arrivals
are much smaller and can be read with confidence on
records of only the largest natural and artifeial
events. They are the earliest arrivals and reprerent
energy refracted along the base of the crust (Mohoro-
vi¢ié discontinuity) at velocities typical of dunite.
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TaBLE 1.—Data for events recorded at Flagstaff, Ariz., that appeared to originale at the Nevada Test Sile

[Events are listed in order of increasing Pn and P, traveltimes (and, hence, increasing distance from Flagstaff)]

Shot-time or origin Computed Traveltimes (sec)
Date time (hr:min:sec) Name of event (or comments) distance
(km)t P, P,

44167 . 22:53:39. 6 Colorado earthquake 2___________________ .. 58

11/18/66___ . ______ 15:15 Possible eastern Utah earthquake_____________ . _____________ 66. 4

1/19/67 . 17:09 Possible aftershoek of Nash___ ____ . _____ 68. 0
12/13/66______________ 21:00:00. 8 New Point_ ____ __ e __ 420 69. 4

1/20/67_ . ___ 17:40:04. 41 Bourbon__._______ el 436 71. 2 62. 0
11/18/66__ ____________ 15:02:00. 04  Cerise_ o e 434 72.0

4/21/67_ . __ 15:09:00. 04 Choeolate_ . _ o e—o__ 434 72.1

5/10/67 - __ 13:40:00. 04 Mickey. . -l Il .. 432 72,1 72.7
47067 . 15:00:00. 04 Fawn._ e 435 72. 4

12/13/66._ . _______ 17:50 e e e 72.6

2/23/67_ . ____ 18:50. 0 Agile_____ el 442 73. 4 63. 2
5/20/67_ . ______ 15:00. 0 Commodore_ _ _ _ - 442 71.2 63. 3
2/8/67 . 15:15:00. 13 Ward_ __ e 443 73.9

4/27167__ . 14:45. 0 Effendi____ _ __ oL 442 74.0

1/19/67 - ___ 16:45:00. 04 ash_ _ _ o l_. 448 74.9 64. 4
3/2/67 . 15:00. 0 Rivet YYY___ _ __ .. 443 74. 4 65. 4
5/23/67_ . ________ 14:00. 0 Seoteh o ______ 474 74.1 67.9
5/23/67_ . ___ 20:14:08. 5 Aftershock of Scotch, lat. 37.2° N, long. 116.4° W.2______________ 74. 7

11/11/66_ - __________ 12:00:00. 14 JAX e 441 74. 6

1/5/67_ . ___ 12:15:23. 1 Aftershock of Greeley_ . ________ - 75. 9

12/20/66___ . __________ 15:30:00. 08 Greeley_ - __ __ .. 478 77(?) 68. 1
5/26/67_ __ ____________ 15:00:01. 5 Knickerboeker _ _ __ _ __ _ __ . __ 481 80. 0 68. 6
12/13/66______________ 18:01 oo 85. 0

4/7/67 o __ 15:11 Possible aftershock from Fawn____ ___________ . _____.___.____ 90. 4

1 Obtained by DISTAZ computer program using coordinates furnished by the AEC.

2 Location from U.S. Coast and Geodetic Survey (1967).
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UBO Uinta Basin Observatory
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FLG U.S. Geological Survey obser-
vatory at Flagstaff

Fiaure 1.—Nevada Test Site shotpoints with inset showing re-
cording stations.

The thickness of the crust between the 1TI'S and
Flagstaff was calculated from the traveltimes and dis-
tances of each explosion that yielded a readable p,
phase. The following equation was used (from. Richter,
1958, p. 691) :

Asing + A cosg

14

where ¢ is p, traveltime, A is the computed distance
from the shotpoint to Flagstaff, ¢ is the angl> of inci-
dence of wave path, V is the P-wave velocity in the
upper crust, and A=2d—H, in which d is the depth to
the Mohorovi¢ié discontinuity (crustal thickress) and
H is shot depth. The angle ¢ is computed as follows:

=

sin ¢= };, where V is defined as above, and W is P-

wave velocity at the base of the crust. In Arizona, vel-
ocity in the upper crust (V) ranges from 5.9 to 6.1
kilometers/second, and velocity at the base of the
crust (W) is about 7.9 km/sec, according to work by
Warren, Roller, and Jackson (1965). Shot dopths are
on the order of 1 km; they can be ignored if 24 is on
the order of 70 km. The results of the computations are
shown in table 2.

Errors of various sorts can detract from the validity
of the computed thicknesses. Incorrect ¥ and W values
are a possible source of error; record timing and read-
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FI1GURE 2.—Seismic records of six of the events listed in table 1,
with phases approximately alined for comparison. P, and P,
indicate compressional-wave arrivals; S, transverse-wave
arrivals.

TABLE 2.—Computed gross crustal thicknesses between the Nevada
Test Site and Flagstaff, Ariz.

o Travel- Distance Velocity Crustal

Shot name wuegrees) time (A) (km) (V) (km  thickness

(Pn) (sec) per sec) (d) (km)
Mickey . _______ 49.4 62.7 432 6.0 37.3
Bqurbon _________ 49.4 62.0 436 6.0 31.7
Agile.___________ 49.4 63. 2 442 6.0 33.6
Commodore______ 49.4 63.3 442 6.0 34.0
Rivet ITT________ 49.4 65.4 443 6.0 43.4
Nash____________ 49. 4 64. 4 448 6.0 35.4
Scoteh___________ 49.4 67.9 474 6.0 36.9
Greeley_.________ 49. 4 68. 1 478 6.0 35.2
Knickerbocker____  49.4 68. 6 481 6.0 35.7
Average __ ... 35.9

ing are others. A 3-percent change in P, traveltime
wonld lead to a 26-percent change in crustal thickness
readout. Flagstaff chart speed is 30 millimeters/minute,
which makes possible a reading error of 0.2 second.
This is equivalent to a 1-km error in crustal thickness
determination. Only a multiplicity of similar events

E119
relminuteal

QL. QL QL (|
! U J A N
| B .. 18 ~ndl

A I\ N | EESP |

L ersmmimn. A - ~ N
" | - L ot Ql

! N

iy L N

0 (! f

)\ I

Pn/
5/10/67 13:40:00.0
NTS Mickey tast
L
MA
] v
Py
Wy
]
~ANV
NV
A
W 5/23/67 |2-0.14:06.5ft hock of
L pn A oo argest aftershock o
Mg by eve o - - NTS Scotch test
B
] . i I
; —
SN

2/8/67 15:15:00.1
~ NTS Ward test

1 4 H E A‘ N
g s A PAN gk o o P, P NN e AP A
_‘,\,js- f)(:‘ J‘ ’J\v ! . . Vl\ ﬂ\}v\j\l\/\i "'\IV\'V\,‘/\/\N\I% J—/‘m
-~ .. ) Y PN WY, 1)

N QJ\I
Amnns i Wea

N L i L i

i 4/7/67 15:00:00.0
NTS Fawn tast

and recordings gives us confidence that any whole-
second errors can be detected and accounted for.

It is often profitable to look for core reflections and
conversions on records of large explosions of earth-
quakes. Table 3 lists events recorded at Flagstaff for
which it was possible to find longitudinal reflections
from the core for P and S waves, as well as core con-
versions and reflections of these waves. Data such as
these from many stations provide clues to the nature
of the Earth’s mantle. On lunar records, the presence
or absence of such phases could decide the validity of
theories regarding the Moon’s composition and struc-
ture.

AFTERSHOCKS AT THE NEVADA TEST SITE

A number of small- and moderate-intensity events
seem to have been chronologically associated vith
some underground nuclear explosions at the NTS
(table 4) ; we consider them to have been aftersho-ks.
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TaBLE 3.—Readings from the records of nine of the largest events
from the Nevada Test Site, with predicied traveltimes for com-
parison

[A time notation (elapsed time from P), in minutes (m) and seconds (s), indicates

presence of a strong readable phase; X, presence of a possible phase; NO, no reading
justifiable]

Predicted traveltimes ___________ PcP ScP PcS Sec8
7ma2s 10m05s 10m35s 14m25s
1966
Dee. 20 . ________ X 10mO04s X X
1967
Jan. 19_____ _________ 7m22s X NO NO
20_ . X X NO NO
Feb. 23_______________ 7m23s 10m06s 10m32s 14m26s
Mar. 10_______________ X NO NO NO
20 X X NO X
23 .. X X 10m38s NO
"3 (aftershock) ... X NO NO NO
,,,,,,,,,,,,,,, X 10ml14s 10m33s X

PcP—P wave reflected at core.
ScP—S8 wave converted to P at core.
PeS—P wave converted to S at core.
SeS—S wave reflected at core.

TaBLE 4.—Chronological list of all events recorded at Flagstaff, or
%t other observatories, that appeared to originate at Nevada Test
ite

Approximate
Date origin time Name or type of event Stations reporting !
(hr:min:sec)
1966
Nov. 11__ 12:00:00.14 Ajax____________ FLG, TUC, ALQ,
BMO
18._ 15:02:00.04 Cerise___________ FLG, BMO
18._ 15:15 Possibly eastern FLG, BMO, UBO,
Utah. WMO
Dec. 13__ 17:50 Unknown origin__ FLG, BMO
13 18:01 _____ do_.________ FLG, BMO
13._ 21:00:00.8 New Point_______ FLG, BMO
20__ 15:30:00.08 Greeley_ _.__ _ FLG, BMO, UPS,
Univ. Wash.
20_. 16:52:28.7  Aftershock TFO, UBO, BMO,
(Greeley). C&GS
20__ 18:04:04.0 _____ do__________ TFO, UBO, BMO,
WMO, C&GS
20__ 18:16 _____ do_____ ___. TFO
20._ 19:00 _____ do._________ TFO
20__ 19:31 _____ do_________ TFO
20__ 21:52 _____ do_________ TFO
21._01:20:01.0 _____ do-_________ TFO, UBO, CPO
C&GS
21 _01:40 _____ do._________ 0
21 02:14:26.8 _____ do____ ______ TFO, UBO, C&GS
21._03:12  _____ do-.________
21 _05:26  _____ do__________ TFO, UBO
21 05:57 ____. do . ___._ ____ TFO, UBO
21._ 06:02:05.5 _____ do__________ TFO UBO, BMO,
C&G
21__ 12:56:59.8 _____ do_________ TFO, UBO, C&GS
21 _ 14:37:29.6 _____ do_____.____ TFO, UBO, BMO,
C&GS
21__ 19:03:42.9 _____ do._________ TFO, C&GS
21_._19:11  _____ do_.________ UBO
22 07:05:23.1 _____ do__________ TFO, C&GS
22_.12:59:14.6 _____ do_.________ TFO, UBO, C&GS
22__16:02  _____ do_._________ TFO, UBO

See footnote at end of table.
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TaBLE 4.—Chronological list of all events recorded at Flegstaff, or
at other observatories, that appeared to originate at Nevada Test
Site—Continued

Approximate
Date origin time Name or type of event Stations reporting 1
(hr:min:sec)
Dec. 22 17:30:01.1 _____ do__________ TFO, UBO, C&GS
23._ 04:57:09.3 _____ do__________ TFO, UBO, C&GS
23._ 23:43  ____. do_____._____ TFO, UBO
24__00:50 _____ do__________ TFO
30__ 18:52:37.9 _____ do._________ TFO, UBO, C&GS
1967
Jan. 3_. 07:07 ___.do._________ TFO, UBO
5. 12:15:23.1 _____ do__________ TFO, UBO, BMO,
C&GS FL
8..08:15 ____. do-_________ TFO
16._ 07:48  _____ do._________ FO
19._ 16:45:00.04 Nash_.__________ FLG TUC BMO,
U L, Umv
Wash.
19__ 17:09 Aftershock FLG, BMO
(Nash?).
20.. 17:40:04.41 Bourbon._______ FLUGI;STUC’ BMO,
Feb. 8__ 15:15:00.13 Ward-__________ FLG
14_._ 01:08:27.0 Natural quake___ UBO, C&GS
23_. 18:50:00 Agile____________ FLG, TUC, BMO,
UPS, Univ.
Wash.
Mar. 2_. 15:00:00 Rivet IIT________ FLG, TUC, BMO
Apr. 4_._ 22:53:39.6  Natural quake, FLG ALQ, C&GS,
southwestern UBO TFO
Colorado. WMO BMO
7..15:00:00.04 Fawn___________ FLG, TUC ALQ,
BMO
7. 15:11 Aftershock FLG, TUC, BMO
(Fawn).
21__ 15:09:00.04 Chocolate_______ FLG, TUC, ALQ,
(0]
27__ 14:45:00 Effendi__________ FLG, TUC, ALQ,
BMO
May 10__ 13:40:00.04 Mickey_________ FLG, TUC, ALQ
Univ. Wagh.,
BMO
13.. 15:53 Probable natural TFO
quake
18.. 22:42 _____ do-_________ TFO, UBO
20__ 15:00:00 Commodore_ . ___ FLBGI\’/I OTUC, ALQ,
23__ 14:00:00 Scoteh__ ________ FLG, TUC, ALQ,
TFO, BMO
23._ 17:52:04.1  Aftershock FLG, TFO, ALQ,
(Scotch). TFO UBO
C&GS
23..20:14:06.5 _____ do__________ FLG, TUC, ALQ,
TFO, UBO
BMO, WMO
C&GS
26__ 15:00:01.5  Knickerbocker. . FLG, TUC, BMO
26__ 19:00 Possible after- UBO, TFO
shock (Com-
modore).

1 FLG=1U.S. Geological Survey observatory at Flagstaff, Ariz.

TUC=Tucson Magnetic Observatory, Ariz.

ALQ=Albuquerque Saismological Observatory, N. Mex.

BMO=Blue Mountain Observatory, Oreg.

UBO=Uinta Basin Observatory, Utah.

WMO=Wichita Mountain Observatory, Okla.

UPS= U%psala Network, Sweden.

C&GS="U.S. Coast and Geodetic Survey stations, probably in Nevada.
TFO="Tonto Forest Observatory, Ariz

CPO=Cumberland Plateau Observatory, Tenn.

The three-letter designations are assigned by the U.S. Coast and Geodtic Survey,
which periodically publishes station locations, elevations, and related data.
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The Greeley event and the shocks that followed it pro-
vide the best such relationship because the testing
schedule was uncrowded prior to this test and enough
time elapsed after it to permit a hypothetical after-
shock sequence to run its course before new tests were
held. Furthermore, several of Greeley’s suspected after-
shocks were noted by geologists working near ground
zero, thus verifying a spatial relationship as well as a
chronological one.

Regions of active seismicity and of recent fault
movement are numerous in Nevada. Seismicity at the
NTS has been intensively studied by the U.S. Coast
and Geodetic Survey on behalf of the AEC. This work
should result in a better understanding of the fre-
quency and location of small, local earthquakes. How-
ever, until such information becomes available, we
cannot dismiss the possibility that the aftershocks
discussed herein are actually natural local earthquakes
and that their association with nuclear explosions is
fortuitous.

CONCLUSICNS

Shotpoint coordinates and shot times of underground
nuclear explosions were used to calculate crustal thick-
ness from arrivals of seismic waves recorded at a
single selsmic observatory. Determinations such as these
could be reinforced by similar studies at other observa-
tories. On a global scale, cooperation between seismic
observatories has produced valuable new facts regard-
ing the Earth’s constitution. Data on the constitution
of the Moon and other planets could be obtained by
means of automated continuous-recording observa-
tories, which would also contribute information on the

B121

frequency, size, and location of natural quakes and
impact shocks.

The circumstantial evidence tabulated herein sug-
gests that large energy release may result in secondary
release similar to the main-shock-aftershock sequence
observed in earthquake seismology. More intensified
study of this phenomenon, given the opportunity pro-
vided by the AEC testing program, promises to yield
important clues to the nature of earthquake and after-
shock mechanisms.
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SEISMIC INVESTIGATIONS ON CAPE COD, MARTHA’S VINEYARD, AND
NANTUCKET, MASSACHUSETTS, AND A TOPOGRAPHIC MAP OF THE
BASEMENT SURFACE FROM CAPE COD BAY TO THE ISLANDS'

By ROBERT N. OLDALE, Woods Hole, Mass.

Abstract.—Seismic data from coastal southeastern Massa-
chusetts show one or two layers of unconsolidated sediments of
Holocene to Late Cretaceous age over a basement of crystalline
and sedimentary rock of pre-Mesozoic age. The basement sur-
face slopes gently seaward and is cut by deep valleys.

Seismic studies were made on Martha’s Vineyard
and Nantucket in the fall of 1967, and on Cape Cod
in the spring of 1968, to determine the subsurface
geology and depths to pre-Mesozoic basement. Three
seismic layers characterized by compressional wave
velocities that generally fall between 1.5 and 1.8 kilo-
meters per second (L), 1.8 and 2.4 km/sec (L.), and
4.5 and 6.5 km/sec (L;) were identified. The L, and L.
layers are composed of unconsolidated sediments of
Holocene to Late Cretaceous age. The basement is com-
posed of crystalline rock of Paleozoic or Precambrian
age or in some places consolidated sedimentary rock
of late Paleozoic to Cretaceous age. Figure 1, a topo-
graphic map of the basement surface beneath Martha’s
Vineyard, Nantucket, Vineyard and Nantucket Sounds,
Buzzards Bay, Cape Cod and Cape Cod Bay, was
drawn from data obtained in this study and from pub-
lished and unpublished data on depths to basement.

METHODS

Seismic lines were laid out on beaches because the
beaches provided straight lines as much as 1,200 meters
long and were remote from buildings and dense vege-
tation. In addition, explosive charges could be placed
at the water table to provide excellent energy coupling,
and blast holes were quickly erased by wave action.

All seismic profiles were of the inline refraction
type and were made using a 12-channel portable
refraction amplifier and oscillograph. At most sites on
Martha’s Vineyard and Nantucket, geophones were

1 Contribution No. 2169 of the Woods Hole Oceanographic Institution.
B122

spaced 50 m apart; shotpoints were placed 50 m and,
wherever posible, 350 m from the first geophone, giv-
ing seismic lines 600 and 900 m long. At Great Point
on Nantucket (37, fig. 1) the seismic line was further
extended by placing shotpoints 580 and 600 m from
the first geophone. Four to 12 pounds of explosive
were used at each shotpoint. All seismic lines were
reversed.

Field procedures varied only slightly on Cape Cod.
Shorter lines and closer geophone spacing were used
because of the shallower depth to basement. Line
length ranged from 183 to 546 m, and geophore spac-
ing was 15.2, 30.5, and 50.0 m. Several profiles were
not reversed because buildings were near one end of
the line. Dynamite charges were reduced to 1-2 pounds
with no loss of record quality.

The thickness of the seismic layers was computed
using the critical-distance method (Heiland, 1940, p.
508), recorded velocities of the L, and L. layers, and

approximate true velocities %(E“ﬁg") for bacement.
u a

On Martha’s Vineyard and Nantucket, where tl= base-
ment was not recorded, a velocity of 5.6 km/sec was
assumed for basement, as this was the average value of
the basement velocities previously recorded on Cape
Cod (Oldale and Tuttle, 1964, 1965) ; the critical dis-
tance for the basement was assumed to be at least the
distance from the shotpoint to the last geophcne. All
lines were within 1 m of sea level, and either tl'= com-
puted thickness of the L, layer or the sum of the thick-
nesses of the L, and L, layers was considered to be the
altitude of the basement surface. Where the besement
was not recorded, computed thicknesses represent min-
imum values for the altitude of the basement surface.

Compressional wave velocities were measured di-
rectly on sediments of Late Cretaceous age that crop
out at Gay Head cliffs (fig. 1). Seismic lines with a
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geophone spacing of 1.5 m were laid directly on out-
crops of red clay and black carbonaceous sandy clay.
An upper-layer velocity of 0.3 to 0.6 km/sec and a
lower-layer velocity of 0.8 to 1.2 km/sec were recorded.
These velocities, considerably below others recorded
on the islands, are similar to velocities recorded on
weathered, unsaturated, and unconsolidated sediments
elsewhere (Tuttle and others, 1961, p. C254; Oldale
and Tuttle, 1964, p. D118; 1965, p. D102-D103).

Interpretation of the refraction seismic data for the
sites studied in this report is controlled in large part
by two conditions: (1) the compressional wave veloc-
ities recorded on the L, and L, layers fall within a
range that would include saturated and unconsolidated
sediments regardless of lithology and geologic age;
and (2) except for the contact between bhasement and
unconsolidated sediments of post-Paleozoic age, acous-
tic boundaries may not correspond to geologic time
boundaries. These conditions have heen noted else-
where. For example, at Harwich, Mass., (fig. 1) a sin-
gle velocity was recorded on a section composed of
saturated sand and gravel underlain by coarse to
clayey silt (Oldale and Tuttle, 1965, p. D102). In a
borehole at Pilgrim Heights (fig. 1), the boundary
between sand and gravel of Pleistocene age and sand
and silt of Eocene(?) age occurred at a depth of 26
m (Zeigler and others, 1960) and the acoustic bound-
ary occurred at a 53-m depth (Qldale and Tuttle,
1964, p. D119). On Block Island, R.I., the contact
between sandy drift of Pleistocene age and clay of
Late Cretaceous age generally occurred below the
acoustic boundary (Tuttle and others, 1961, p. C255).
Therefore, the presence of pre-Pleistocene to post-
Paleozoic unconsolidated deposits must be inferred
from something other than seismic data.

RESULTS

The uppermost layer (L,) is thought to be uncon-
solidated deposits of Late Cretaceous to Holocene age.
At most profiles the velocities measured on this layer
were between 1.5 and 1.8 km/sec. At three profiles the
velocities in the uppermost layer were low: Stoney
Point dike (9, fig. 1), 1.3 kin/sec; Scusset Beach (4,
fig. 1), 1.3 km/sec; and Town Neck (5, fig. 1), 1.0
km/sec. At Chappaquoit Beach and Cedar Bushes (10
and 2, fig. 1) a velocity of 1.95 km/sec was recorded
on the I, layer at one end of the profiles.

The L, layer is thinnest at the southwest end of the
Cape Cod Canal and along the shore of Cape Cod
Bay north of the canal (fig. 1). A few tens of miles
west and north of the canal crystalline rocks of Paleo-
zoic and Precambrian age crop out along the shores of

Buzzards Bay and Cape Cod Bay. In general, the L,
layer thickens seaward; beneath outer Cape Cod this
layer ranges from 120 to more than 190 m in thickness
(Oldale and Tuttle, 1964, p. D118), and beneath
Martha’s Vineyard and Nantucket it ranges from 95
to more than 500 m in thickness. In some places these
are minimum thicknesses, because the top of the L,
layer is as high as 90 m above sea level a short distance
inland.

A layer (L) that has velocities intermediate between
those inferred to represent the uppermost layer and
the basement was recorded at several profiles on Cape
Cod and Martha’s Vineyard and at one profile on Nan-
tucket. The L, layer is inferred to be compact till or
coastal plain deposits. Velocities in this layer ranged
from 1.8 to 2.4 km/sec, except at Town Nick (4, fig. 1)
where the layer had a velocity of 1.6 km/sec (fig. 2). On
Cape Cod the L, layer ranged from 34 to 136 m in
thickness; on Martha’s Vineyard it ranged from 215
to at least 260 m in thickness, and on Nantucket it was
at least 180 m thick.

Velocities inferred to represent basement were re-
corded at all profiles on Cape Cod and at three profiles
on Martha’s Vineyard. Seismic lines on Nantuc'-et were
not long enough to record basement, but an unreversed
profile by Weston Geophysical Engineers (fig. 1; writ-
ten commun., 1967) showed basement that had a ve-
locity of 5.7 km/sec overlain by 515 m of L, material.
Basement velocities on Cape Cod generally ranged from
4.5 to 5.8 km/sec. Velocities considerably lover than
those measured elsewhere on the basement were recorded
at Black Pond (3, fig. 1), 3.8 km/sec; at Lorg Point
(1, fig. 1), 4.3 km/sec; and at South Cape Beach (12,
fig. 1), 4.1 km/sec. Basement velocities on Ifartha’s
Vineyard were 5.6 km/sec at Tisbury Great Pond (21,
fig. 1), 5.4 km/sec at Chilmark Pond (20, fig. 1), and
5.8 km/sec at Sheep Pen Pond (24, fig. 1). Topography
and altitude of the basement surface are shown by the
contour map (fig. 1).
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F1eure 2—Unreversed traveltime curve showing L., L., and
basement (L;) velocities recorded at Town Neck (&, fig. 1).
The L, velocity is inferred to be fresh- and salt-water peat.
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The uppermost layer (L;) on Cape Cod is in most
places glacial drift composed of fluvial and deltaic
sand and gravel, lacustrine clay and silt, and sandy to
clayey till. The drift is overlain in some places by
rather thin deposits of Holocene age—beach, dune, and
peat deposits. On outer Cape Cod (fig. 1) the L, layer
is composed in part of unconsolidated sand and silt of
Eocene age (Zeigler and others, 1965, p. R302; Oldale
and Tuttle, 1964, p. D120). Elsewhere, coastal plain
deposits of Pleistocene to Late Cretaceous age may
form a part of the L, layer beneath the glacial drift,
as preglacial deposits have been reported in Cape Cod
Bay (Hoskins and Knott, 1961, p. 338), in Scituate
(Chute, 1965), and on Nonamesset and Martha’s Vine-
yard Islands (Woodworth and Wigglesworth, 1934, p.
14, 17).

The low velocities of the L, layer at Stoney Point
dike and Scusset Beach are not clearly understood, but
may be caused by thick artificial fill dumped into these
areas during the building of the Cape Cod Canal. At
Town Neck the low L, velocity (fig. 2) is inferred to
represent marine and fresh-water peat, as much as 16
m thick, underlain by glacial drift, as salt-marsh peat
occurs at the surface a short distance inshore from the
beach, and the L., velocity here (1.5 km/sec) is charac-
teristic of the L; layer at most other profiles. The high
L, velocities recorded at one end of the profiles at
Chappaquoit Beach and Cedar Bushes are similar to
L, velocities elsewhere and probably represent compact
till.

South. of Cape Cod and the Elizabeth Islands the
unconsolidated deposits above the basement are believed
to be mostly coastal plain sediments of early Pleisto-
cene to Late Cretaceous age. A cuesta that occurs be-
neath Long Island, N.Y. and that is underlain by strata
of Late Cretaceous age has been traced eastward into
Block Island Sound (McMaster and others, 1968, p.
471) and into Vineyard Sound, and Nantucket Sound
by Uchupi (written commun., 1968). In Vineyard
Sound the northern limit of the Cretaceous strata, as
defined by the cuesta, is just southeast of the Elizabeth
Islands; in Nantucket Sound it is just south of the
south shore of Cape Cod (fig. 1). On western Martha’s
Vineyard the coastal plain deposits that make up the
L, layer are exposed in the cliffs at Gay Head, Wequob-
sque and Nashaquitsa, and in many pits inland. In
eastern Martha’s Vineyard and Nantucket, glacial drift
and deposits of Holocene age make up the part of the
L, layer that occurs above sea level; below sea level the
L; layer is probably mostly coastal plain sediments of
pre-Pleistocene age similar to those on Long Island and
Block Island where the glacial deposits are generally
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less than 100 m thick (Suter and others, 1949, p. 40-45;
Tuttle and others, 1961, p. C255).

On Cape Cod the L, layer is probably mostly glacial
till similar to the till identified in boreholes at Har-
wich and Brewster (Koteff and Cotton, 1962), which
has seismic velocities that range from 2.0 to 3.8 km/sec
(Oldale and Thuttle, 1965, p. D104), and to high-veloc-
ity drumlin till found elsewhere in Massachuse‘ts
(Tuttle, 1961). The L. layer may also include deposits
of Tertlary age similar to those inferred to occur in
Cape Cod Bay, which have velocities of 1.8 to 2.4 km/
sec (Hoskins and Knott, 1961, p. 339), and to those
beneath Nonamesset Island, where they have a velocity
of 2.7 km/sec (Hoskins, written commun., 1960).

On Martha'’s Vineyard and Nantucket the L, layer
is probably of Tertiary and Cretaceous age, as it is
overlain by I, deposits that are believed to be too
thick to be composed entirely of glacial drift. The
coastal plain deposits are probably similar to those
that crop out in Western Martha's Vineyard, but some-
what more compact, or they may be similar to the vn-
consolidated deposits of Cretaceous age on Block Is-
land that have an average seismic velocity of 1.9
km/sec (Tuttle and others, 1961, p. C254).

The lowermost layer is basement composed of pre-
Mesozoic crystalline and sedimentary rock. Velocities
above 4.5 km/sec are believed to represent igneous and
metamorphic rocks of Paleozoic and Precambrian age
similar to (1) the granite and phyllitic schist in bove-
holes at Harwich and Brewster (Koteff and Cotton,
1962) that have seismic velocities of 5.4 to 6.5 km/sec
(Oldale and Tuttle, 1965, p. D105), (2) to the granite
in a borehole at Woods Hole, and (8) to the crysttl-
line rocks that crop out along the west shore of Cave
Cod Bay north of Plymouth and along the northw-est
shore of Buzzards Bay (fig. 1). Offshore, in Cape Cod
Bay (Hoskins and Knott, 1961, p. 335) and in Buz-
zards Bay (Bunce and Phinney, 1959), a layer tlat
has velocities of 4.6 to 5.7 km/sec was identified as
basement and traced to within short distances of out-
crops of metamorphic and -igneous rocks of Paleozoic
and Precambrian age along the shore. In Narragansatt
Bay, R.I., velocities of 4.9 to 6.5 were inferred to rep-
resent crystalline rocks. These are overlain by conscli-
dated sedimentary rocks of Carboniferous age which
have velocities of 3.1 to 4.5 km/sec (Berg, 1963, p.
1311).

The low velocities (83.8-4.8 km/sec) recorded on
Cape Cod at South Cape Beach (fig. 3), Long Point,
and Black Pond fall within the range of velocities
measured by Berg on the consolidated sedimentary
rocks of Carboniferous age and suggest that similar
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F1aUre 3.—Traveltime curves showing low basement velocities
(possibly of consolidated sedimentary rock of Carbeniferous
or Triassic age) recorded at South Cape Beach (12, fig. 1).

rocks may make up a part of the basement in these
areas. These velocities may also indicate the presence
of sedimentary rocks of Triassic age, as velocities of
about 4.0 km/sec are commonly recorded on Triassic
sedimentary rocks in the Connecticut Valley (Tuttle
and others, 1961, p. C254). Also, they may possibly
represent consolidated sediments similar to those that
have velocities of 3.4 to 4.0 kin/sec in Cape Cod Bay
and are inferred to be Cretaceous in age (Hoskins
and Knott, 1961, p. 336-338). The low velocities may
also be caused by foliated, fractured, or jointed crys-
talline rocks similar to the basement in two closely
spaced profiles on outer Cape Cod where the velocity
measured in a northerly direction was 4.3 km/sec, and
in an easterly direction, 6.1 km/sec (Oldale and Tut-
tle, 1964, p. D120). Weathering in the upper part of
the basement may also be responsible for the low
velocities.

The proximity of the Narragansett, Norfolk, and
Boston basins (fig. 1), which are filled with consoli-
dated sedimentary rocks of Carboniferous age, sug-
gests that if the low velocities represent consolidated
sediments they are of Carboniferous age. However,
the shallow depth of the basement at Long Point and
Black Pond suggests that weathering may be the cause
of low velocities in these areas.

TOPOGRAPHIC MAP OF THE BASEMENT SURFACE

The seismic data from Martha’s Vineyard and Nan-
tucket and new data from Cape Cap were combined
with previous data from Cape Cod (Oldale and Tut-
tle, 1964, 1965), Cape Cod Bay (Hoskins and Knott,
1961), and Buzzards Bay (Bunce and Phinney, 1959;
Bunce, written commun., 1968) to draw a contour map
of the basement surface (fig. 1). The map is greatly
generalized, for in most places there are insufficient
data to show complexities in the topography. Where
profiles are closely spaced, the contouring shows well-
defined deep valleys and low-relief interfluve areas.

GEOPHYSICS

The complex topography of the basement surface can
best be seen on continuous seismic reflection profiles
(Hoskins and Knott, 1961; Tagg and Uchupi, 1967;
McMaster and others, 1968). The basement surface
beneath Buzzards Bay, Vineyard Sound, Nantucket
Sound, Nantucket, and Martha’s Vineyard generally
slopes gently south to southeast at about 10 to 15
m/km. The locations of contours along the western
edge of the area agree with contours of similar values
in Block Island and Rhode Island Sounds (McMaster
and others, 1968, p. 470). Beneath inner Cape Cod
the basement surface forms a poorly defined topo-
graphic high that trends east and separates the south-
sloping basement surface beneath Nantucket and Vine-
vard Sounds from a rather shallow basin in the base-
ment surface beneath Cape Cod Bay (IHoskins and
Knott, 1961, p. 333). The basin appears to have
drained northeast and east through a deep valley near
the northern tip of Cape Cod.

The broad valleys beneath Martha’s Vineyard, Nan-
tucket, and Nantucket Sound are probably Early
Cretaceous in age, for they are south of the inferred
northern limit of the Upper Cretaceous deposits. If so,
drainage in this area was southward during Early
Cretaceous time; in contrast, during Terticry time
the area is believed to have been drained by south-
west-flowing streams tributary to a major south-flow-
ing stream in Rhode Island Sound (McMaster and
others, 1968, p. 471). The valleys below inrer Cape
Cod and Buzzards Bay are filled with glacial deposits
and were probably fluvially eroded during the Ter-
tiary and enlarged and deepened by ice during Pleis-
tocene glaciations. The deep valley near the north end
of Cape Cod is thought to be filled in part vith con-
solidated deposits of Carboniferous, Triassic, or Cre-
taceous age in part with unconsolidated deposits of
Eocene age (Oldale and Tuttle, 1964, p. D120).

CONCLUSIONS

Basement beneath coastal southeastern Massachusetts
is probably composed mostly of metamorphic end igne-
ous rocks of Paleozoic and Precambrian age, similar to
those that crop out to the north and west ; however, part
of the basement may be consolidated sedimentary rock,
probably similar in age and lithology to the Phode Is-
land Formation of Carboniferous age that occripies the
Narragansett basin, The altitude of the basement sur-
face ranges from sea level, a short distance north of
Plymouth and along much of the northwest shore of
Buzzards Bay, to more than 850 m below sea level be-
neath southern Martha’s Vineyard, and more than 500 m
below sea level along the south shore of Nantucket.
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The regional slope is generally south and southeast,
south of Cape Cod, and north and northeast, north of
Cape Cod. Locally, broad deep valleys interrupt the
regional slope. The basement surface has a long history
of fluvial erosion that probably began before Late Cre-
taceous time (Flint, 1963, p. 691). North of the cuesta
underlain by sediments of Cretaceous age, the basement
surface was fluvially eroded during much of the Terti-
ary and glacially scoured during the Pleistocene.

The unconsolidated deposits (L, and L. layers) that
overlie the basement south of Cape (Cod are mostly
coastal plain sediments of Late Cretaceous age and, to
a lesser amount, of Tertiary age. These deposits are over-
lain by glacial drift of Pleistocene age and small
amounts of beach, dune, and peat deposits of Holocene
age. On outer Cape ('od the unconsolidated deposits (all
layer L) are composed of coastal plain deposits of Eo-
cene( ?) age overlain by stratified glacial drift of Pleis-
tocene age and share deposits of Holocene age. Beneath
inner Cape Cod the L, layer is composed of high-velocity
basal till, and the L, layer consists mostly of stratified
glacial drift and minor amounts of shore deposits of
Holocene age.
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MICROANALYSIS WITH THE X-RAY MILLIPROBE

By HARRY J. ROSE, JR., RALPH P. CHRISTIAN, JAMES R. LINDSAY,

and RICHARD R. LARSON, Washington, D.C.

Abstract.—The X-ray milliprobe, designed specifically for
analysis of small selected areas generally 0.012 to 1.2 sq
mm in size, using curved-crystal optics, can be used effectively
for semiquantitative scanning of small grains, X-ray diffraction
spindles, and selected areas within larger samples. It is par-
ticularly useful for quantitative analysis of small mineral
samples. Various factors such as the shape and size of the
aperture and sample mounting and preparation techniques,
affect performance. Sensitivities obtainable are in the nanogram
range as illustrated for iron, lanthanum, and calcium.

The conventional X-ray spectrometer using flat-
crystal optics attains maximum sensitivity when a
large specimen is irradiated, but its efficiency drops
drastically with decrease in sample size. Curved-crys-
tal optics, on the other hand, can achieve improved
intensities by an order of magnitude, or more, over
corresponding flat-crystal optics in analysis of selected
small areas.

JOHANN ARRANGEMENT
Crystal bent to R

Focal circle radius R/2

An X-ray milliprobe using curved crystals, de-
scribed by Adler and Axelrod (1956), has Ieen used
mainly for semiquantitative analysis. A conventional
flat-crystal unit, converted to accommodate curved-
crystal optics, was built specifically for the Geological
Survey by the General Electric Co. This paper pre-
sents data on flat-crystal and curved-crystal systems
as they relate to microanalysis. It also discutses vari-
ous factors that affect the performance and general
utility of the curved-crystal system.

CURVED-CRYSTAL OPTICS

Two configurations for reflection (curved-crystal)
optics are shown in figure 1, and both types satisfy
the Bragg expression for diffraction: nA=2d sin 6
(where n is the order number, A is the wavelength, d
1s the distance between lattice planes in the crystal, and
6 is the incident and reflected angle of the X-ray beam

JOHANSSON ARRANGEMENT
Crystal bent to R, ground to R/2

Slit

F1eURE 1.—Two arrangements for curved-crystal optics.
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FI16URE 7.—Calibration curves for iron obtained with flat-
crystal and curved-crystal spectrometers. Components for the
flat-crystal system are the same as those listed in figure 64.
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curved-crystal spectrometer.

Ficure 8—Calibration curve for calcium obtained with a
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FicURE 9.—Calibration curve for La.O; obtained with a curved-
crystal spectrometer.

obtain the data given in figure 10. Intensities increase
with increase in sample size until the infinite thick-
ness reached at about 35 mg of the mixture at 50
kilovolts. Beyond this point, intensity remains con-
stant regardless of the amount of cellulose-iron mix-
ture used.

A set of standards was prepared in the form of 1/-
inch-diameter pellets using 50 mg of iron-cellulose
mixture (one-tenth of that required for the preparation
of the 1-inch-diameter pellets). The calibration curve
for iron obtained from these smaller pellets is identical
with the upper curve in figure 7, except that the weight
units of the abscissa are one-tenth the values indicated.

It follows that 14-inch diameter pellets would attain
infinite thickness at about 5 mg of mixture and would
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F1¢URE 10.—Determination of infinite thickness for 1/4-inch-
diameter pellets.

ANALYTICAL METHODS

yield the same calibration cuprve as that for the 1-
inch-diameter pellets. The sample weights, however,
would be reduced from those given in figure 7 by
100-fold. Great care in handling such small samples
is required, but the net effect is a substantial decrease
in sample size.

COMPARISON OF THE X-RAY MILLIPROBE AND
ELECTRON MICROPROBE

Understandably, a comparison between the X-ray
and electron probes can be the topic of considerable
discussion. Each has several advantages, and both have
a place in the analytical laboratory.

The X-ray milliprobe has the advantage of greater
ease and speed of sample preparation, greater penetra-
tion of the specimen by the exciting radiation, and less
dependence on surface preparation and takeof® angle.
Other advantages are the ability to analyze areas of
0.012 to 1.2 square millimeters when smaller areas are
not required for study, and the ability to study samples
that are adversely affected by direct electron excitation
or by the vacuum required by the electron microprobe.
Because standards need not be as critically homo-
geneous as for the electron microprobe, they are more
readily available to the X-ray milliprobe. Tinally,
corrections for electron backscatter losses, secondary
excitation effects, and X-ray absorption are fer more
critical in quantitative determinations by the electron
microprobe than by the X-ray milliprobe.

Secondary X-radiation is less intense than primary
X-radiation excited by electrons, and higher orders of
the A and L spectra as well as the A/ spectra cannot
be used favorably with the X-ray milliprobe. Spatial
resolution with the electron microprobe is of the order
of 1-micron. The light elements, sodium to beryllium,
can be detected much more readily with the electron
microprobe. The microprobe is capable of obtaining
useful data from backscatter, specimen current, and
electron-beam-scanning imagery that cannot be ob-
tained with the X-ray milliprobe, though X-ray
scanning imagery is feasible. From the foregoir ¢ data,
then, one can only conclude that the X-ray and electron
probes are both welcome additions to the analytical
laboratory.
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THE DIRECT MICRODETERMINATION OF SILICON

AND ALUMINUM IN SILICATE MINERALS

By ROBERT MEYROWITZ, Washington, D.C.

Abstract.—The Si0O: and Al:O: contents of 3- to 5-mg samples
of common silicate minerals are directly determined spectro-
photometrically by using molybdenum blue and Alizarin Red-S
procedures, respectively. The samples are decomposed by sodi-
um hydroxide fusion, and hydrochloric acid solutions of the
melts are used for the determinations. The common rock-
forming elements likely to be present in most silicate minerals
do not interfere in the SiO: determinations. Fluorine in con-
centrations most likely to be found does not interfere in the
Al:Os determinations. Titanium and iron interference is over-
come by adding the amounts of titanium and iron present in
the sample to the standard aluminum solutions used to pre-
pare the standard aluminum curve.

This paper is the third in a series describing micro-
and semimicro-procedures (Meyrowitz, 1963, 1964)
being developed by the author for the direct determin-
ation of the common rock-forming elements. The series,
on completion, will provide the schematics for the
complete analysis of small samples of silicate minerals.
The procedures described herein are recommended for
the determination of silicon and aluminum. They are
based on methods described by Shapiro and Brannock
(1962) for the direct determination of silicon and
aluminum in silicate rocks.

Samples and standards are decomposed by fusion
with NaOH in gold crucibles. The melts are leached
with water, and the solutions are acidified with hydro-
chloric acid. Silicon and aluminum are determined
spectrophotometrically by molybdenum blue and Ali-
zarin Red-S procedures, respectively.

REAGENTS AND APPARATUS

Reagents

Sodium hydroxide pellets, ACS reagent grade: Transfer con-
tents of previously unopened bottle to a plastic bottle and
store.

Sodium hydroxide solution, 30 percent (w/v): Prepare and
store in plastic bottle.

Hydrochloric acid, 6N.
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Hydrochlorie acid, 0.06N.

U.S. National Bureau of Standards standard soda feldspar 99a
or equivalent.

Sulfuric acid, 18N.

Ammonium molybdate solution: Dissolve 38.75 grams of
(NH,)cM0;0:-4H;0 in 35 milliliters of water in a plastic
50-ml beaker containing a plastic-covered magnetic stirring
bar. Add 50 ml of 18N H:=SO. Mix and cool. Filter through a
fast filter paper into a glass bottle. Dilute to 50 ml and mix
well.

Tartaric acid solution, 10 percent: Prepare, filter if necessary,
and store in plastic. Prepare fresh solution when sediment
forms.

Reducing solution : Dissolve 9.0 g of sodium bisulfite, NaHSOs,
ACS reagent grade, in 80 ml of water in a 100-ml plastic
beaker containing a plastic-covered magnetic stirming bar.
Dissolve 0.7 g of sodium sulfite, Na-SO;, ACS reagent grade,
in 10 ml of water in a 100-ml plastic beaker containing a
plastic-covered magnetic stirring bar. Add 0.15 g of 1-amino-
2-naphthol-4-sulfonic acid to the sulfite solution and stir
until all is completely dissolved. Pour the 80-ml bisulfite
solution into this combined solution with constant stirring
and mix well. Filter into a plastic bottle through a fast
filter paper in a plastic funnel. Dilute to 100 ml and mix well.
Discard after 3 days.

Calcium chloride solution : Transfer 7 g of CaCO;, ACS reagent
grade, to a 250-ml beaker. Add 50 ml of water and then add
dilute HC1 dropwise with constant stirring until all the
CaCO:; is dissolved. Boil the solution for 1 to 2 minutes to
remove the dissolved carbon dioxide. Cool. Filter t®rough a
fast paper, dilute to 500 ml, and mix well. Store in glass.

Hydroxylamine hydrochloride solution, 10 percent (w/v) : Pre-
pare, filter if necessary, and store in glass.

Potassium ferricyanide solution, 0.75 percent: Prepere fresh
each day.

Mercaptoacetic acid solution, 1.6 percent (v/v): Prepare fresh
each day.

Buffer solution: Prepare 500 ml solution to contain 100 g of
sodium acetate, NaC.H:0:-3H-0, ACS reagent grade, and 30.0
ml of glacial acetic acid, HC.:H:0:, ACS reagent grade. Filter
through a fast filter paper and store in glass.

Alizarin Red-S (alizarin sodium monosulfonate) solution, 0.05
percent (w/v) : Prepare 500 ml: filter through a slow paper
and store in glass.

Standard Fe,Os solution, 1,000 parts per million of Fe.O: in
0.12N HC1: Dissolve 4.91 g of ferrous ammonium sul“ate hex-
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ahydrate in distilled water, add 20.0 ml of 6N HCIl, and di-
lute to 1 liter.

Standard TiO. solution, 1,000 ppm : Prepare from U.S. National
Bureau of Standards standard titanium oxide 154a as direct-
ed in “Procedure for use as a standard in colorimetry” in
the certificate of analysis provided with the standard.

Apparatus

Crucibles and covers, gold, 2-ml capacity, 1.7-centimeter height,

1.7-cm top diameter, and 0.8-cm bottom diameter.

Air bath, micro. This consists of a thermostatically controlled
hotplate with a vented glass dome containing an additional
hole on top of dome for insertion of a glass thermometer,
(See Rulfs, 1951, p. 48, fig. 2.)

Cylinders, glass, 18 millimeter outside diameter and 19 to 20
mm height. These are used to support gold crucibles in the
micro hot-air bath.

Furnace, electric, temperature controlled.

Platinum sheet, for bottom of furnace.

Tweezers, with long platinum tips whose ends have been bent
at right angles.

pH meter.

Spectrophotometer.

Cells, absorption, 2-cm light path.

PROCEDURE

Blank, standard, and unknown solutions are run
simultaneously in duplicate. The volumetric flasks
should be cleaned with 141 hydrochloric acid and
rinsed well with water. The neck of each flask is rinsed
down with water, and the contents of the flask are
mixed well after the addition of each solution and
reagent.

Preparation of sample solution

1. Weigh duplicate 3 to 5 mg (=0.01 milligram)
<200-mesh samples of the standards in a 2-ml
gold crucible.

2. Weigh 3 samples, each approximately 3.5, 4.0,
and +.5 mg, of a standard feldspar mineral in
each of three 2-ml gold crucibles. A sixth gold
crucible serves for the preparation of a proce-
dural blank.

3. Using a plastic pipet, carefully add 0.50 ml of 30
percent NaOH to the bottom of the crucibles.

4. Place the crucible on the glass cylinder support in
the micro air bath. Heat for 1 hour at an air-
bath temperature of approximately 150°C., then
for 1 hour at approximately 175°C., and finally
for 2 hours at approximately 240°C.

Cover the crucible, place it on a platinum sheet in
the electric furnace, and heat at 450°C. for 15
minutes. At the end of 10 minutes, remove from
furnace, twirl to mix contents of the crucible,
and replace in furnace. The cooled melt should
completely cover the bottom of the crucible.
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6. At end of the 15 minutes remove from furnace,
place on a copper cooling block, and allow to
cool to room temperature. Transfer crucible and
cover to a 100-ml plastic beaker and add 10 to
15 ml of water to disintegrate the melt. Use a
4-inch plastic stirring rod to aid the preliminary
solution and disintegration of the melt.

Add slowly with stirring 2.0 ml of 6/ HCI, using
a 2-ml Mohr pipet. Allow to stand until com-
plete solution takes place.

8. Use platinum-tipped tweezers with right-angle
tips to lift the crucible cover and then the
crucible out of solution. Rinse crucible, cover,
and tweezers with a fine stream of water from
a plastic wash bottle.

Transfer the solution to a 100-ml volumetric flask.
Dilute to volume and mix well. If the solution
is cloudy, filter through a 7.0-cm slow filter
paper,and discard the first 20 ml of filtrate.

10. Transfer the clear solution to a dry plastic bottle,

and store for subsequent analysis of SiO. and

A_1203-

Determination of SiO,

1. Transfer duplicate 10.00-ml aliquots from eact of
the 0.06F HC1 solutions of procedural blank,

standard feldspar, and unknown silicate min-
eral to 100-ml volumetric flasks.

Add 50 ml of water and then 2.0 ml of ammonium
molybdate solution while swirling the flask dur-
ing the addition of the reagent. Let stand for
10 minutes.

3. Add 4.0 ml of 10 percent tartaric acid while swirl-

ing the flask.

4. Add 1.0 ml of reducing solution while swirling the

flask. Dilute to mark, mix, and let stand for at
least 30 minutes.
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5. Determine the absorbances at 650 millimicrons,
using a 2-cm cell path. Use water as the reference
solution.

6. Measure the pH of all final solutions.

7. Subtract the absorbance of the appropriate pro-
cedural blanks from the absorbance of the stend-

ard and unknown solutions to obtain the net

absorbance.
8. Plot a standard SiO. curve from the data of the

standard feldspar solutions.
Calculate the SiQ, content of the unknowns from

the standard SiQO. curve.

=)

Determination of Al,O;
1. Transfer duplicate 10.00-ml aliquots of 0.06V
HC1 solutions of standard feldspar and un-
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known silicate mineral to each of two 100-ml
volumetric flasks.

2. Add the necessary amounts of titanium and iron
solutions to the standard feldspar solutions.

3. Add 5.0 ml of 0.06;V HCI to the flasks containing
the unknown solutions.

4. If the amount of acid present in the flasks con-
taining the standard feldspar solutions is less
than the equivalent of 15.0 ml of 0.06/V H*, add
sufficient 0.06// HCI to reach this amount.

5. Transfer 15.0 ml of 0.06/ HCI to each of two
100-m] volumetric flasks.

6. To all, add 2.0 ml of CaCl, solution, 1.0 ml of
hydroxylamine hydrochloride, 1.0 ml of potas-
sium ferricyanide, and 2.0 ml of mercaptoacetic
acid. Allow to stand for 5 minutes.

Add 10.0 ml of buffer solution. Allow to stand for
10 minutes.

8. Add 10.00 ml of Alizarin Red-S solution with
a transfer pipet. Dilute to mark, mix, and let
stand for 45 to 75 minutes.

9. Determine the absorbances at 475 mpu, using a
2-cm cell path. Use the reagent blank prepared
in step 5 as reference solution.

10. Measure the pH of all final solutions.

11. Plot a standard Al,O, curve from the data of the

standard feldspar solutions.

12. Calculate the Al,O, content of the unknowns from

the standard Al,O, curve.

=

RESULTS AND DISCUSSION

Few silicate mineral samples are available to serve
as standards for testing these procedures. Therefore,
it was decided to use duplicate samples differing in
weight by 5 to 20 percent whenever SiQ, and AlO,
were to be determined. Table 1 presents the results.

Common silicate minerals lack the elements that
mterfere in the determination of silicon. Only iron,
titanium, and fluorine are normally present to affect
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the determination of aluminum. It was found that
0.20 ppm of F does not effect the absorbance of as
much as 1 ppm of Al,O,. Thus, if the aliquot of solu-
tion analyzed for Al,O; is equivalent to 0.5 mg of
sample, as much as 4 percent F does not interfere
in the determination of as much as 20 percent Al,O.
No experiments were made at a level lower than 1 per-
cent AL,O; or a level higher than 4 percent F.

I have found it convenient to use a feldspar such
as U.S. National Bureau of Standards standard soda
feldspar 99a, or standard potash feldspar 70a, as the
standard material to be analyzed at the same time
as the unknown silicate minerals. The data ohtained
for the standards are used to prepare the standard
Si0, and Al,O, curves. The amounts of titanium and
iron present in these feldspars are insignificent.

Occasionally the disintegrated sodium hydroxide
melt of an unknown mineral does not dissolve com-
pletely upon the addition of hydrochloric acic. How-
ever, all the silicon and aluminum does go into solu-
tion. The insoluble material is removed by filtering
after the final dilution of the hydrochloric acid solu-
tion. The pH of this solution should range from 1.1
to 1.3. The concentration of H* is 0.06/.

Although the pH of the final solutions used for the
determination of SiO, may be within a range of 1.5
to 1.8, a set of samples and standards should not differ
by more than 0.1 pH unit. This will be obteined if
the amount of acid present in the solution contains
the equivalent of 10.0 ml of 0.06&/ HCI before the
addition of the ammonium molybdate reagent. The
concentration of SiO, in the final solution should be no
more than 3.25 ppm. If the 10.00-ml portion of the
0.06V HCI solution of the unknown mineral is found
to contain more than 325 micrograms of SiO., the
procedure is repeated using a smaller aliquot of solu-
tion, and remembering to add sufficient 0.06% HCI
to make up the deficiency in the amount of acid. An
additional procedural blank equivalent to the smaller

TaBLeE 1.—Comparison of SiO, and AlL,O; conlents of various silicate minerals determined by duplicate-sample analyses

Lab. N Field N ) Weight of Contents compared (percent)

ab. No. ield No. Mineral sample (mg) 510 ALO:

___________________________ 2.84;2.77 39.5;39.7 22.2;22. 4

________________________ 3.02;3.88 48.8;48.8 37.6;34.0

___________________________ 6.75;4.35 36.1;36.1 17.1; 18. 0

__________________ 4,.56;4.30 63.6;63.6 13.4; 13. 4

______________ 3.92;4.02 36.2;37.0 4. 85; 4. 94

_______________ 5.25;4.90 51.4;51. 4 17.1; 17. 2

______________ Potassium feldspar_ __ _ ceee-- 4.26:;3.59 62.7;62.4 18.5;18 5

_________<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>